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ABSTRACT 
Parameters of the 'Life System' of Typhlodromus occidentalis 
Nesbitt, an organo-phosphate (OP) resistant acarine predator of 
Tetranychus urticae Koch, were investigated. Modification of the 
inherited qualities of T. occidentalis was attempted. Impact of alter-
ations to the predator's effective environment (pesticides and spatial 
heterogeneity) was assessed in six 'mini-orchards' in the glasshouse. 
Ten selection sprays with bioresmethrin, a synthetic pyrethroid 
(SP), gave T. occidentalis a five-fold resistance to this chemical. 
T. occidentalis then also showed eight-fold resistance to fenvalerate, an-
other SPcompound, while its original OP resistance was unchanged. Resis-
tance to SP compounds seemed to be controlled by several dominant genes, 
with the paternal genome apparently playing an additional role. 
Long-term population fluctuations of the OP and SP resistant 
strains of T. occidentalis and its prey, were not influenced by routine 
applications of the common orchard pesticides azinphos-methyl, bupiri-
mate and captan. When the aphicide, pirimicarb, or the SP compound 
bioresmethrin, were used, T. occidentalis was not always able to keep 
its prey below damaging levels. Applications -of these chemicals were 
particularly damaging when mite population~ were very low. It then 
took T. occidentalis longer to recover and leaf damaging levels of 
T. urticae could not be prevented. 
Dispersal of OP resistant T. occidentalis was studied under 
two levels of spatial heterogeneity. At first all plants in three of 
the mini-orchards were 'connected' by a grid of dowel rods, while all 
lV 
plants in the remaining mini-orchards were left 'unconnected'. Dispersal 
of T. occidentalis in the 'unconnected' mini-orchards was slower than in 
the 'connected' mini-orchards, enabling T. urticae to reach levels uncon-
trollable by the predator. These high T. urticae levels spilled over to 
adjacent mini-orchards also caus1ng leaf damage there. During the second 
part of the mini-orchard study with the OP resistant strain and during 
the study with the SP resistant strain population levels of T. occidentalis 
were generally at a lower level, attributable to the predators' ability 
to move around faster than during the 'unconnected' period. 
Populations of OP and SP _resistant T. occidentalis were highly 
resilient (persistent); there was no need for reintroductions. The popu-
lation stability, its ability to return to an equilibrium state, was 
greatest during the first mini-orchard study after all mini-orchards were 
'connected'. Large population fluctuations (instability) occurred during 
the remaining periods of both mini-orchard studies. 
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Chapter I 
INTRODUCTION 
1. 1 THE PEST COMPLEX ON APPLE 
More than 500 species of pest hinder the cultivation of apples 1 
throughout the world (Slingerland and Crosby 1930) and 10 of these have 
formal 'pest status' (Wigglesworth 1960). The number of pests varies 
from place to place, but codling moth, Cydia pomoneZZa L., is almost 
universally the most important. Because of this, early papers placed 
great emphasis on codling moth and other pests (listed below) were neglected 
until much later. 
In the USA, the most important (key) pests are codling moth, 
redbanded leafroller, Argyrotaenia velutinana (Walker), plum cuculio, 
Conotrachelus nenuphar (Herbst) and Rhagoletis pomoneZZa (Walsh) (Croft 
1975). Spider mites, mainly the European red mite, Panonychus ulmi (Koch) 
and the twospotted mite, Tetranychus urticae Koch, are secondary, induced 
pests (op. cit.). Smith (1904) mentioned the occurrence of woolly apple 
aphid and tree borers in Georgia, USA, but concentrated on codling moth. 
He found that most 'worms' in apples are larvae of this insect. Metcalf 
et al. (1962) concluded that codling moth was the most persistent, most 
destructive and most difficult to control of all the insect pests of 
apple. These authors devoted a great deal of attention to its descrip-
tion and control. Parasites and predators of the moth were always 
present but were no substitute for chemical control. 
In the Netherlands, importance of the codling moth has decreased 
over the last forty years. This decline has coincided with the replace-
1 History and cultivation of apple is described 1n Appendix A. 
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ment of large standard trees by shrub and dwarf forms. Insect control on 
the latter is, in general, easily achieved (Gruys 1975); moreover, small 
trees have smoother bark, providing fewer overwintering sites for codling 
moth (De Jong 1980). The summer-fruit tortrix moth, Adoxophyes orana 
(F.v.R), then emerged as a major threat to orchards (op. cit.), whereas 
European red mite has remained a problem in the Netherlands since the 
thirties (Van De Vrie 1980). 
The pest complex on apple ,n Australia is a formidable one, and 
again codling moth is the key species (Geier 1981a). Another important 
pest is the lightbrown apple moth, Epiphyas postvittana (Walker), a 
native of Australia (Lloyd et al. 1970). Olliff (1892) described the 
life history and control measures against codling moth in the first ento-
mological bulletin of the NSW Department of Agriculture. Olliff (1892) 
mentioned that the lightbrown apple moth was sometimes being mistaken 
for codling moth. The twospotted mite and the European red mite are 
major induced pests of apple in Australia (Readshaw 1971). 
1.2 PEST CONTROL ON APPLE 
1.2.l Methods of Control 
Cultural methods, such as removal of fallen fruit (eg by grazing 
sheep) and trapping or luring the adult insect pests, were the only ways 
to control pests before insecticidal compounds were developed (Olliff 
1892). During the last decades of the 19th Century, pests like codling 
moth were killed with sprays such as Paris green or Bordeaux mixture 
(Smith 1904). Sprays containing arsenate of lead became the standard ,n 
the early part of the century (Geier 1981a). Despite gradual development 
of resistance to this compound in key pests, it was still in use at the 
outbreak of second world war. 
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One reason why mites were not mentioned in the earlier publica-
tions is that they were not important. Compounds such as Bordeaux mixture 
and even the arsenicals did not promote mite infestations because they 
were stomach poisons. Those compounds were automatically selective since 
they did not kill unless they were ingested (Atkinson 1955) . 
Synthetic insecticides such as DDT and parathion were introduced 
after the second world war. They gave good control of codling moth and 
most other key pests (Metcalf et al. 1962). The initial success of the 
new chemicals induced farmers to use them routinely for scheduled spray-
ing as an insurance against damage. 
By the late fifties, it became clear that DDT was not the final 
solution to pest problems. Development of resistance caused serious dif-
ficulties, in addition to which the compound was not effective on mites 
(Collyer 1953a), woolly apple aphid and, in Australia, lightbrown apple 
moth. Moreover, it destroyed parasites and predators of mites, woolly 
apple aphid and moths (Lloyd et al. 1970). 
Subsequently, organo-phosphate insecticides such as azinphos-
methyl were introduced for control of orchard pests (Metcalf et al. 1962). 
Azinphos-methyl has provided key pest control for over twenty years, and 
resistance in codling moth has not yet appeared. However, the toxicity 
of organo-phosphates to natural enemies of mites proved to be a major 
fault, even though those chemicals affected spider mites as well. Preda-
tory mites remained susceptible, whereas spider mites quickly acquired 
resistance to azinphos-methyl. 
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Special chemical compounds, acaricides, were then developed to 
control mites. They presented problems similar to those associated with 
the broad-spectrum insecticides. Development of resistance and expense 
made mite control difficult and costly (Readshaw 1975). 
1.2.2 The Mite Problem 
Mites were not considered to be important pests of apple until 
the 1920's. In the Netherlands and elsewhere, fruit tree red spider mite, 
P. uZmi,became important after the introduction of tar-oil for winter-
killing of scales and aphid eggs. This widespread use of mineral oil 
sprays killed hibernating predators (Van De Vrie 1980). 
Later, synthetic insecticides caused a surge of mite infesta-
tions. Wason (1946) found that DDT gave good codling moth control 1n the 
Murrumbidgee Irrigation Area of Australia, but it caused outbreaks of 
T. urticae~ with foliar damage and early leaf drop. Collyer (1953b) in 
England, found that T. urticae appeared after applications of parathion 
against fruit tree red spider mite,P. uZmi. She also found that Tetra-
nychidae became more important after the extensive use of the new 
insecticides which killed the predators of T. urticae. Moreton (1958) 
observed that the importance of parasites and predators had been little 
appreciated until the development and use of chemical insecticides caused 
outbreaks of spider mites. 
An example of the mite problems that can occur after pesticide 
applications, was described by Readshaw (1975) for the leaf ecosystem of 
Australian orchards (Fig. 1.1). In regularly sprayed commercial orchards, 
most of the arthropod fauna,with the exception of spider mites (Tetra-
nychidae), was eliminated. Pesticide action removed mites of the families 
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Eriophyidae, Stigmaeidae and Tydeidae. Mite predators such as Phyto-
seiidae, Coccinellidae and Chrysopidae were quite abundant in unsprayed 
orchards, but were mostly absent from comrrercial orchards. He concluded 
that 'the problem was caused by the lethal effects of pesticides, for 
example DDT, on predators' ( Reads haw 1975, p 493). 
LEAF 
\ 
Tetranychidae Eriophyidae 
"-. 
Fungi ,debris,pollen etc. 
' 
{
I.urticoe 
f.ulmi 
Coccinellidae 
( Stethorus spp.) 
Figure l . l 
Miridae 
( CamP-_ylomma 
livido l 
' 
' 
' 
Chrysopidae 
I 
{
Cecidomyiidae 
Thysanoptera { 
Psocoptera 
Lathridiidae 
Mites and associated life forms in the leaf ecosystem 
on apple in Australia (after Readshaw 1975). 
l. 2. 3 The Need and Possibilities for Pest Management 
The difficulties arising from chemical pest control and the 
awareness that pesticides can have deleterious side-effects on the environ -
JTEnt (Carson 1962) led to the development of the systems of integrated 
control. Geier (1966) redefined this approach as 'Pest Management'. The 
concept of pest management is based on the understanding of ecological 
processes and aims at manipulating the environment of the pest so as to 
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keep pest numbers below some tolerable level. 
Croft (1975) discussed several management programs for apple 
pests. In some of these programs pesticides are selectively placed or 
timed. In other programs pesticides are used against key pests, while 
biological control is . used for some induced pests. Pickett et al . (1958) 
found that univoltine codling moth populations could be controlled with 
selective chemical and biological control methods. These authors also 
found that the replacement of broad-spectrum pesticides with selective 
ones gave improved control of spider mites through predatory insects and 
mites. However, where codling moth is multivoltine, chemical control is 
the most effective and economic measure (Croft 1975) and effective non-
chemical control measures have not yet been developed. In most areas of 
eastern Australia codling moth has 2-3 generations, and 6-7 sprays must 
be applied to control it adequately (Geier 1981a) . 
In the early 1970's mites could be controlled only with acar,-
cides. During the past decade, however, two other options have been 
investigated (Readshaw 1975). One is the use of selective chemicals to 
preserve the natural enemy complex of spider mites (Hull et al . 1978) 
and another is the use of pesticide-resistant predatory mites (Hoyt 1969; 
Wigglesworth 1960). The former approach is ruled out in many parts of 
Australia where codling moth is multivoltine. The remaining possibil i -
ties are the use of acaricides or resistant predators. 
Combination of the chemical control of key pests with the 
biological control of mites through pesticide resistant predators i s now 
widely used in Australia. State Departments of Agriculture, in co-
operation with CSIRO, Division of Entomology, have developed specific 
recommendations for the use of chemicals in combination with predatory 
mites (Johnson et al. 1979). 
1.3 RESEARCH OBJECTIVES 
1.3. l Rationale from a Pest Management Viewpoint 
A system of pest management that uses pesticide-resistant 
predators is precarious. Predators cannot always keep spider mites 
below damage levels (Bower and Kaldor 1980; Readshaw pers. comm.). 
Furthermore, wrongly used pesticides can disturb the balance between 
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prey and predators. Moreover, if codling moth developed resistance to 
azinphosmethyl, it might be necessary to use materials harmful to pred-
ators. Some of the candidate chemicals, namely the synthetic pyrethroids 
(SP) are very toxic to the present strain of organo-phosphate (OP) 
resistant predators (Readshaw unpublished data; Riedl and Hoying 1980; 
Bower and Kaldor 1980); the present pest management schemes would be 
upset and merely present yet another mite problem. 
1 . 3. 2 The Life System Concept 
The present study was undertaken with the 'Life System' con-
cept in mind (Clark et al. 1967). The life system consists of a 
subject population and its effective environment. The components of a 
life system are represented in Fig. 1.2 In a life system 'the persis-
tence and abundance of a population are the outcome of interactions 
between the inherited properties of individuals and the intrinsic 
attributes of the effective environment' (Clark et al . 1967, p 6) . 
... 
Inherited properties 
of individuals of 
subject species 
(genotypes) \ 
Individuals Population 
(Jl)henotypes) (with group characteristics, 
Effective environment 
(supplies and inimical -------
agencies) 
e.g. rates of 
birth, death, 
and dispersal) 
- Population 
performance 
Figure 1.2 The life system (after Clark et al. 1967) 
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Numbers 
Persistance 
In this study the subject species was the predatory mite 
Typhlodrorrrus occidentalis Nesbitt, while its prey T. urticae was part of 
the effective environment (supplies). Some properties of the individuals 
(predators) were studied, as well as some aspects of the whole predator-
prey sys tern. 
Thus,my first objective was to assess and alter some properties 
of the individuals in the system (predators - Chapter 3), including -
(i) Pesticide susceptibility 
(ii) Selection for pyrethroid resistance so that the 
predator can be used with pyrethroids 
(ii i ) Inheritance of resistance 
The second objective was to study some characteristics of the 
predator-prey system as a whole (Chapter 4), including -
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(i) Long term population trends 
(ii) The influence of physical connections between 
... plants on persistence and dispersal . 
(ii i ) The effect of routine and other pesticide applications. 
.. 
Chapter I I 
PRESENT STATUS OF ACARINE 
PREDATOR-PREY RESEARCH 
2. 1 SOME EXAMPLES OF ACARINE PREDATOR-PREY SYSTEMS 
10 
Mite problems in economic crops have generated many research 
projects on biological control. These range from simple or complex 
laboratory and glasshouse studies to more realistic and complex field 
studies of predator-prey interactions. Sorre of these studies will be 
discussed below. 
2. l . 1 Huffaker's Laboratory Predator-Prey Studies 
In his classical experiments Huffaker (Huffaker 1958; Huffaker 
et al. 1963) observed the predator mite Typhlodronrus occidentalis Nesbitt 
preying on Eotetra:nychus sexmaculatus (Riley) which in turn was main-
tained on oranges. These artificial life systems were held in incubators 
in the laboratory. The simplest ~ystem consisted of four large adjacent 
areas of food (an area equivalent to two whole orange surfaces distri-
buted over four partially covered oranges) in a grid of rubber balls. 
The oranges were replaced periodically. When only the prey animal was 
present in the system, the approximate mean population density over the 
experimental period was 4700 mites per whole orange-equivalent with two 
major peaks occurring above that level and two depressions below that 
level. Huffaker (1958) indicated that this oscillatory nature was due 
to maximal utilisation of the oranges. The oranges were not able to 
sustain a higher population and subsequently the population crashed. 
The system was maintained for five months and then terminated. When 
predators were added to an identical system, stocked in the same way with 
E. sexmaculatus~ prey levels increased to a mere maximum of 250 per 
a 
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orange-area. At that point they were so heavily preyed upon that they 
were eliminated in 10 d. The predators subsequently died out. The 
total predator-prey interaction lasted for only 35 d. The most com-
plex system (Huffaker et aZ. 1963) comprised of a 3-shelf arrangement 
with 252 oranges, each 1/20 exposed. When prey only was introduced, 
this yielded mean population densities of 2000 mites per whole orange-
equivalent. When both prey and predator were introduced to a s i milar 
system, prey did not reach levels higher than 500 mites per orange-
equivalent. None of the oranges was utilised exhaustively in this 
system. Thus, the reduction in the number of prey mites was the result 
of predation rather than food shortage. There were four major popula-
tion fluctuations or oscillations over a period of 70 weeks. The 
interaction would have continued but for the outbreak of an unknown 
disease of the spider mites, which eliminated the predator as well. 
2. 1 . 2 Glasshouse Predator-Prey Studies 
Glasshouse predator-prey systems have served to increase under-
standing of population dynamics, to study selective use of chemicals 
and to compare the costs of chemical and biological control. 
Nachman (1981) reported on temporal and spatial dynamics of a 
predator, PhytoseiuZus persi mi Zi s A.-H., and its prey, Tetranychus 
urticae~ on cucumber plants, grown in three identical commercial glass -
houses. The system showed oscillations attributable to predator-prey 
interactions. In the vertical sense (within plants) both species of 
mites were distributed more evenly than in the horizontal sense (between 
plants). The variance/mean relationship of both species was shown to 
obey Taylor 1 s power law, and the negative binomial was found to give 
best agreement of the statistical distributions fitted. The predators 
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provided commercially acceptable control of spider mites and no additional 
predator introductions or chemical sprays were necessary. 
Bravenboer (1959) combined use of Typhlodromus occid.Entalis 
(=longipilus), Stethorus punctillum Weise and chemicals against spider 
mites on peach trees in a glasshouse. One treatment with a selective 
acaricide (Tetradifon) gave adequate control of spider mites. After-
wards, predators which were not killed by the chemicals, provided control 
of the spider mites surviving the treatment. When broad-spectrum chemi-
cals such as parathion were used, he found that considerably more sprays 
were necessary, especially when control measures were started early in 
the growing season. 
Markkula et al. (1972) compared chemical spider mite control 
with biological control using Phytoseiulus persimilis on cucumber in 
commercial glasshouses. More than half of the growers who used the 
predators were successful in controlling the pest. Control of spider 
mites with chemicals required seven dicofol applications per growing 
season, whereas one predator release, followed by manual redistributions, 
gave good control. Moreover, biological control was 25% cheaper than 
chemical control. 
2. 1.3 Field Predator-Prey Studies 
Predator-prey studies in the field are the ultimate test of 
biological control in orchard and plantation crops. The field situation 
1s realistic but may be difficult to interpret. For instance, there is 
no control over environmental conditions, and other unpredicatable factors 
may play a role. Biological control of mites can be viewed from differ-
entangles. Some examples are described below. 
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Readshaw (1975) studied the ecology of tetranychid mites in 
Australian orchards. He examined the effects of pesticides on predators 
and prey. He determined further which natural enemies were important. 
DDT proved lethal to various predator species, but did not stimulate the 
increase of prey numbers. Stethorus beetles were most important in 
maintaining low prey mite densities on unsprayed trees. He concluded 
that the control of spider mites could be improved by reducing the 
effect of pesticides on Stethorus beetles through selective chemical use. 
However, selective chemical use was unsuccessful because it was incom-
patible with adequate codling moth control. Another possibility was the 
introduction of a strain of phytoseiid mite,resistant to organophosphate 
insecticides. This option proved more feasible because it allowed for 
control of codling moth with broad spectrum organophosphate insecticides. 
Gruys (1982) described the development of ecological control of 
orchard pests in Netherlands. In his 'experimental orchard' several 
programs were applied, including one employing selective chemicals and 
another one employing routine broad-spectrum chemicals. A second orchard, 
the so-called 'ecological orchard', was subjected to fungicides, but 
insecticides were not used. Outbreaks of spider mites decreased in the 
ecological orchard. In the other plots, no predatory mites were found, 
not even in the selectively treated blocks. An experimental fungicide 
proved to be harmful for predators. Replacement with a less harmful 
fungicide allowed for the re-establishment of phytoseiid mites. Subse-
quently, the significance of spider mites was reduced, and in four years 
their numbers stabilised at extremely low levels. No further acaricide 
applications were necessary. Phytoseiid mites were now able to control 
spider mites in the Dutch orchards, but the ecological processes that 
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enabled this to occur remained obscure. More than half of the remaining 
pest species in Dutch orchards can be controlled by ecological measures, 
but even so, pest management has not been generally adopted. The slow 
introduction of pest management was attributed to the slightly higher 
initial cost, ignorance on the part of advisors and farmers, and a lack 
of public interest in agricultural production. 
Oomen (1982) studied the population dynamics of the scarlet 
mite, Brevipalpus phoenicis Geijskes, a pest of tea in Indonesia. He 
found that under ideal conditions scarlet mites developed rapidly, but 
asynchronously. In the field, populations were periodically reduced by 
pruning of the tea bushes (once every four years). The scarlet mite 
populations then slowly built up to a low equilibrium level which was 
reached after two years. Copper fungicide applications increased 
scarlet mite peak levels. The predatory mite species diversity was rich. 
Most phytoseiids were susceptible to DDT, whereas most stigmaeids were 
tolerant. In a predator-exclusion experiment in the field, the effect 
of DDT was surprising. Most species of predatory mites were killed but 
the stigmaeids and one Amblyseius sp. were able to produce large popula-
tions. These predator species kept scarlet mites at a level below that 
of the control treatment. The DDT treatment, by removing some of the 
less efficient predators, actually enhanced the performance of others. 
Stimulation of biological control was thus achieved by chemical destruc-
tion of part of the predator complex. 
2. 2 PROPERTIES OF THE INDIVIDUALS OF THE SPECIES 
The individuals of the subject species form the elementary unit 
of the life system. Their properties contribute to the performance of 
the population in a life system (Clark et al. 1967, see Chapter l). Some 
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of these properties, both of the subject species, T. occidentaZis and 
its prey T. urticae (prey is part of the supplies 1n the effective 
environment) are discussed below. 
2.2. 1 Bionomics of T. occidentaZis 
2.2. 1. 1 TO,Xonomy 
The role of predatory mites and insects was little under-
stood before the introduction of modern pesticides (Moreton 1958), and 
only a few predatory mites had been described. Garman (1948) and Nesbitt 
(1951) described several species of Phytoseiidae, including T. occidentaZis 
Nesbitt 1951 and T. Zongipilus Nesbitt 1951. Both Nesbitt (1951) and 
Chant (1959) reviewed the family Phytoseiidae and found only subtle dif-
ferences between the two species. Davis (1970) concluded that the 
characteristics in question appear to be genetically determined, but a 
clear species separation could not be achieved. The main point of con-
troversy was the setal pattern and pores on the ventrianal shield. Later, 
hybridization studies by Hoying and Croft (1977) showed that T. occidentalis 
from Washington State and T. longipilus from the Netherlands freely inter-
bred and were judged to be conspecific. Unfortunately, T. longipilus 
from New Jersey was completely incompatible with the two strains mentioned 
above. Thus, there still was no clear separation between the two species. 
The strain used in this study was introduced into Australia 
from the western United States (Waterhouse 1973). Schicha (1978) com-
, 
pared the strain with material from two other collections, one of which 
dated from before the introduction of OP-resistant T. occidentalis. He 
concluded that no quantitative differences could be found between the 
three populations of T. occidentalis in Australia. 
a 
~ 
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2.2. 1.2 Life History 
On karyological evidence, sex determination in Phytoseiidae 
was reported to be arrhenotokous (Wysoki and Swirsky 1968). Most 
phytoseiids, however, do not produce eggs without mating, as do their 
arrhenotokous prey (see Section 2.2.2.2). Nelson-Rees et al. (1980) 
and Hoy (1979a)reported that both male and female T. occidentalis arise 
from fertilized eggs; that is, they are both of bi-parental origin. 
Cytological studies showed a reduction of one set of chromosomes during 
the first 24 h of embryonic development so that fully developed 
males have N (=3) chromosomes while females have 2N (=6) chromosomes. 
This evidence supports parahaploidy in T. occidentalis. Functionally, 
this genetic system is similar to haplo-diploidy, so it is also referred 
to as de facto haplo-diploidy (op. cit.). T. occidentalis has a sex 
pheromone which attracts the males to some immature and mature female 
stages (Hoy and Smilanick 1979). 
This predator has five developmental stages: egg, 6-legged 
larva, protonymph, deutonymph and imago (McMurtry et al. 1970). The 
developmental period from egg to adult takes ca 8.5 data diurnal tem-
perature range of l5-28.3°C. The pre-oviposition period averages 3.2 d 
and the females have a life span of about 20 d (Laing l969aj. Females 
can lay up to 53 eggs during their life. 
Overwintering in temperate climates is mostly by the mated 
female. The females seek sheltered places under bark or bud scales 
(McMurtry et ai. 1970). Photoperiodic induction of diapause was investi-
gated by Hoy (1975) and a pause in reproduction and feeding was observed, 
although it was not clear whether T. occidentalis went into true diapause 
or aestivation. 
~ 
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Croft and McMurtry (1972) found that the different stages 
of T. occidentalis fed most on prey larvae and eggs. Chant (1961) 
established that predator females ate more when the prey density was 
increased. They also produced more eggs when more prey was eaten. The 
maximum consumption was an average 11.3 protonymphs per day. 
2.2.2 Bionomics of T. urticae 
2.2.2.1 Ta::conorrry 
The twospotted spider mite, Tetranychus urticae L.,was 
revised by Pritchard and Baker (1955) as a polytypic species represent-
ing at least several sub-species. Tnese authors listed 58 synonyms for 
this species-complex, which had already been described from a variety 
of host plants and from different parts of the world. Some of its 
synonyms are T. telarius L., T. bimaculatus Harvey, and T. multisetus 
McGregor. The common names twospotted spider mite, glasshouse red spider, 
red spider mite or red spider, all refer to this complex of synonyms. 
Confusion about the taxonomic status of this species-complex has been 
compounded by the different colour forms (op. cit.), .rapid adaptation 
to other host plants (Gould 1979), and the reproductive isolation it 
can exhibit (De Boer 1980; De Boer and Oreel 1980). 
Boudreaux and Dosse (1963) devised a widely accepted separa-
tion for this species complex in which the green or straw-coloured form 
is called Tetranychus urticae Koch 1836. It is an important pest of 
deciduous fruit and has been recorded on more than 150 hosts of economic 
value including apples, roses, cotton, beans, and ornamentals (Jeppson 
et al. 1975). 
l 
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2.2.2.2 Life History 
Twospotted mites are usually found on the lower leaf surfaces 
of their host plants but may inhabit both leaf surfaces at high popula-
tion densities. Sex-determination is haplo-diploid in which males have 
three chromosomes (N) and females six chromosomes (2N) (Helle and Bolland 
1967). This phenomenon is called arrhenotoky and is defined as partheno-
genesis in which males are produced from unfertilised eggs while females 
are produced from normally fertilized eggs (Van Der Hammen 1980), males 
are attracted to quiescent female deutonymphs, apparently by a pheromone 
(Cone et al. 1971). T. urticae undergoes five developmental stages: 
egg, 6-legged larva, protonymph, deutonymph and imago (Boudreaux .. 1963). 
The developmental period from hatching to adult can range from 38 d at 
l3°C to eight d at 24°C (Metcalf et al. 1962). Bravenboer (1959) found 
a total developmental period of 14 d at 24-26°C, and Laing (l969b)found 
a total developmental period of ca 19 d at fluctuating daily temper-
atures between 15 and 28.3°C. T. urticae females are capable of laying 
100-200 eggs over their total life-s~an, but this varies with temperature 
and host-plant conditions (Van De Vrie et al. 1972). Diapause can be 
induced by several factors, but the most important ones are temperature, 
day-length and the physiological conditions of the plant. Bravenboer 
(1959) was not able to break diapause in females (apparently all males 
die) by high temperatures. An alternative mechanism of overwintering 
was shown in a Queensland strain of this mite, which could be induced 
to feed and lay eggs at any time during winter. Therefore Bengston (1965 ) 
considered this as a quiescence rather than a true diapause. 
Tetranychid mites feed on plant tissue by piercing cells with 
their sharp stylets and sucking out the cell contents (Jeppson et al . 
1975). The chloroplasts disappear and the remaining cell material 
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coagulates to form an amber mass. The cytological changes resulting 
from spider mite feeding resemble those reported for natural senescence, 
cold injury, chemical treatments and mineral deficiences (Tanigoshi and 
Browne 1981). The amount of chlorophyll in the leaves may be decreased 
by 60%. Obviously the leaves then have a much decreased photosynthesis. 
Continued feeding leads to irregular spotting, and finally, the typical 
speckling of mite feeding appears. A further stage in the damage pat-
tern is bronzing, an irreversible discoloration of the leaf, associated 
with complete loss of function. There is circumstantial evidence that 
mites inject salivary substances into the plant tissue during feeding 
(op. cit.). 
2.2.3 Pesticide Effects on T. occidentalis 
2.2.3.l Direct pesticide effects 
The pesticidal effect of insecticides on predatory mites was 
suspected to be a first cause of spider mite outbreaks as, in contrast 
to their prey, they were very susceptible (Ripper 1956; Huffaker et al. 
1970). McMurtry et al. (1970) came to the conclusion that insecticides, 
fungicides and acaricides can be very detrimental to predator populations, 
but that the effects may vary greatly. 
Ripper (1956) suggested first, the development of pesticides 
specific to pest species and harmless to natural enemies and second, 
the application of non-selective chemicals in such a way that their harm-
ful effects would be minimized. Minimization of the use of non-selective 
chemicals was impossible in most orchard systems and it took until the 
1970 1 s before acaricides such as cyhexatin and propargite were developed. 
These can be used in conjunction with predatory mites on apple (Joh nson 
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et al. 1979). The chemicals are selective towards spider mites and 
when applied at half the maximum recommended rate, they can correct the 
balance of predator-prey populations in favour of the predators. New 
compounds such as naphtoquinones and cyclopropanes (Marsden and Allen 
1980; Schuster et al. 1979) show even greater selectivity. 
However, the problem of broad-spectrum biocides still exists. 
Synthetic pyrethroids (SP's) have already been shown to be effective on 
key orchard pests (Hoyt et al. 1978; Hall 1979; Bower and Kaldor 1980). 
Introduction of these chemicals may have serious repercussions because 
of their toxicity to phytoseiid predators. High toxicity of SP compounds 
to T. occidentalis has been reported from the USA, New Zealand and 
Australia (Hoyt et al. 1978; Roush and Hoy 1978; Penman et al. 1981; 
Wong and Chapman 1979; Bower and Kaldor 1980). These authors agreed that 
rates of SP application, effective in the control of codling moth and 
other key pests, were deadly to the predators. 
2.2.3.2 Development of resistant predators in the field 
Hoyt (1969) described the occurrence under field conditions 
of a strain of azinphos-methyl resistant T. occidentalis. This strain 
was then exploited for use as a control agent against spider mites. 
Naturally occurring rust-mites, an alternate source of food for T. 
occidentalis , gave the system added stability. Key pests in these systems 
werecontrolled by broad-spectrum pesticides. Other phytoseiids, such as 
Amblyseius fallacis (Garman), (Motoyama et al . 1970; Croft 1977) were 
also found to have resistance. In North America insecticide-resistant 
predatory mites are now widely used. T. occidentalis is used throughout 
the western states, whereas A. fallacis is used in the eastern states. 
Integration of resistant T. occidentalis with chemical control of key 
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pests has also found wide acceptance in Australia and is becoming the 
main avenue of mite suppression (Readshaw 1979; Field 1978; Sproul 1981; 
Thwaite and Bower 1980; Williams 1978). 
2.2.3.3 Development of re-sista:nt predators in the laboratory 
The field observations of resistance in predators showed 
that given the right conditions, there was great potential for genetic 
adaptation in predatory mites. Croft (1977) indicated that in the field, 
selected natural enemies faced enormous stress by the elimination of 
their food supply, whereas selected pests usually had an unlimited food 
supply. In the laboratory, however, ideal temperature conditions and 
abundance of food could be given to predators during selection. 
Hoy (1975, 1979b) evaluated and reviewed the possibility of 
artificially inducing pesticide resistance and called it 'Genetic 
Improvement'. Genetic improvement of biological control agents by 
selection has already been applied successfully to phytoseiid mites 
(Schulten and Van De Klashorst 1979; Roush and Hoy 1981), for organo-
phosphates and carbaryl respectively. This tactic could also be used 
to develop the predator's resistance to synthetic pyrethroids (Hoy and 
Knop 1981; Strickler and Croft 1981). 
Hoyt and Burts (1974) regarded the use of insecticide-
resistant predators as an end in itself, because the change to a differ-
ent pesticide for key pest control would render these programs ineffective. 
This disadvantage can now be overcome by the ability to induce resistance 
in predatory mites. Therefore, the usefulness of pesticide resistant 
predatory mites in pest management schemes has increased. 
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2.2.4 Pesticide and Fertiliser Effects on T. urticae 
2.2.4.l Direct pesticide effects 
The problems associated with the use of pesticides on spider 
mites started with the finding that DDT did not provide control. Some 
of the subsequently introduced chemicals such as parathion and azinphos-
methyl initially gave sorre control, but it was soon realised that special 
compounds, namely acaricides, were needed to kill mites (Cremlyn and 
Cronje 1978). However, spider mites rapidly developed resistance even 
to these chemicals (Helle 1965). Helle (1967) calculated that there was 
a chance of 52:1 of fixation of favourable mutations in the haplo-diploid 
genetic systems of mites over only 20 generations. In contrast, diploid 
populations were not able to retain these mutations as easily. Between 
1945 and 1957 twospotted mites developed resistance to 12 acaricidal 
compounds, including schradan, chlorbenside, chlorfenson, dicofol and 
tetradifon (Helle 1967). Field effectiveness of these acaricides lasted 
from several months to four years. Georghiou and Taylor (1977a), listed 
364 resistant arthropod species, 225 of which were of agricultural 
importance. Thirty-three of these were mites. Four years later, there 
were five further cases of resistance (Georghiou 1980). The latest 
example, cyhexatin resistance in T. urticae~ in Washington State and 
Australia respectively, was reported by Croft (1982) and Edge and James (1982). 
2.2.4.2 Stimulation of T. u.rticae 
Van De Vrie et al. (1972) listed over 50 chemicals that can 
have an effect on the abundance of spider mites. They mentioned two 
ways that could result in an increase in spider mite populations. 
(l) Increased reproduction because of improved 
orchard cultivation 
(2) Insecticide stimulation 
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The improvement of cultivation JTEthods, including use of 
fertilisers, took place during the past two or three decades. During 
the same period pesticides were introduced, and the effects of plant 
fertilisation on T. urticae, if any, had not been clearly separated 
from those of pesticides. Hamai and Huffaker (1978) therefore conducted 
experiments on strawberry plants subjected to different amounts of 
fertiliser and found that T. urticae reproduced faster on the plants 
with high levels of fertilisation. 
The stimulating effect of pesticide·s on spider mites is a 
controversial topic. For instance, Readshaw (1975) found that DDT sprays 
in the field did not stimulate spider mites. However, Dittrich et al. 
(1974) showed that egg production of T. urticae was stimulated by DDT 
and carbaryl in the laboratory. Carey (1982) calculated the theoretical 
effect of insecticide stimulation in T. urticae using the data of 
Di t tr i ch et al. ( 19 7 4 ) an d es ti mated that a 4 . 2 f o 1 d i n c re as e co u l d be 
expected 1n the F1 of a treated population, compared with an untreated 
population. If insecticide applications were to -span more generations, 
the potential increases in mite populations would be enormous, without 
even considering the added complications of the elimination of mite 
predators. 
2. 3 FEATURES OF PREDATOR LIFE SYSTEMS 
The predator life systems as described ,n Section 2. l have 
unique group characteristics and popu~ation performance. This is a result 
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of the interaction between the inherited properties of the subject 
species and the effective environment. The characteristics of the prey 
species, which are part of the predators' effective environrrent supplies, 
can influence the performance of the subject populations. Therefore, 
some characteristics of influence to both predator and prey species are 
discussed below. 
2.3. 1 Oscillations and Predator Time-lag 
The characteristics of predator-prey population dynamics have 
been reviewed by Price (1975). Regular population fluctuations or 
oscillations are an important characteristic of the various models of 
predator-prey interactions. Oscillations were first explained by Lotka 
and Volterra, respectively in 1925 and 1926 (from Price 1975), and were 
said to be caused by acceleration of growth rates, followed by deceller-
ation due to limiting factors such as food and predators. Some of the 
predator factors are behavioural and will be discussed in a later section. 
Nicholson (1954) concluded that the differences in developmental time 
of insect hosts (prey) and parasites (predators) caused a change in 
population densities that only became effective after the lapse of a 
generation. This is the characteristic time-lag that predators (and 
parasites) exhibit in reaction to an increase in prey density. He further 
concluded that systems of lagged oscillations would lead to extermination 
of both interacting species if the area occupied was relatively small. 
When the area was large some prey individuals could temporarily escape. 
This will be discussed further in Section 2.3.4. Nicholson (1954) also 
postulated that 'when there is an upper limit to the density an animal 
may reach, intraspecific oscillation may be maintained indefinitely'. 
Additional limiting factors, such as food, could enhance this mechanism 
of persistent periodic fluctuations. 
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A classical example of sustained predator-prey oscillations, 
with predator time-lag was the work of Huffaker described above 
(Huffaker 1958 and Huffaker et al. 1963). When the area was large and 
food dispersed widely, the interaction was maintained for 70 weeks, 
whereas in a smaller system with concentrated food areas, the inter-
action was terminated after 35 d by starvation of the predators. 
The examples of glasshouse predator-prey systems showed very 
distinct oscillations with predator time-lag. On permanent crops (glass-
house peach) the interactions lasted for several years (Bravenboer 1959). 
On annual crops (cucumber) the interactions lasted for a whole growing 
season (Nachman 1981; Markkula et al. 1972). In the field, these 
phenomena are more difficult to observe. However, Readshaw (unpublished) 
has observed predator-prey oscillations that persisted for over 10 years 
on apple trees in experirrental and commercial orchards. 
2.3.2 Statistical Distribution or Dispersion 
The distribution or dispersion of arthropod populations 1s 
important with respect to sampling. Southwood (1978) discussed differ-
ent mathematical distributions that serve as models for dispersion. He 
described the random distribution in which there is an equal probability 
of the arthropod occupying any point in space; the variance is equal to 
the mean. In the regular or even distribution, the variance is smaller 
than the mean. In ecological studies the variance is usually larger 
than the mean and the distribution is clumped or aggregated. According 
to Southwood (1978), many clumped insect populations that have been 
studied, fit the negative binomial distribution. It is described by two 
parameters, the mean and the exponent kwhich is a measure of aggregation. 
The statistical distribution of acarine predator-prey populations has 
also been well studied. Most workers have found that both prey and 
predator mites were adequately described by the negative binomial 
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dis tri buti on. Croft et al. ( l 97~ found that both A. fallacis and 
Panonychus ulmi were adequately described by the negative binomial 
model. However, Johnson and Croft (1981) adopted the negative binomial 
model for their dispersal studies of Amblyscius fallacis~ but found 
that random distribution occurred at low densities and clumping at 
higher densities. Tanigoshi et al. (1975) observed an aggregated dis-
tribution pattern in Tetranychus mcdanieli McGregor. Nelson and 
Stafford (1972) found that the distribution of T. urticae was not random, 
however, it fitted the negative bino~ial very well. Nachman (1981) 
tried to fit several distributions to T. urticae and its predator 
Phytoseiulus persimilis~ but found that the negative binomial gave in 
general, the best agreement. 
2.3.3 Age-Class Distribution 
The effect of age-class on long-term population performance has 
not been investigated in great detail for spider mites or their predators. 
However, Carey (1982) studied demographic performance of spider mites ,n 
order to determine appropriate management strategies. He found that 
newly established populations had large proporti?ns of eggs and immatures. 
When the first cohort reached adulthood they produced a surge of new 
births, which changed into immatures and adults over the subsequent 
period. Each following surge of births then moved through the population 
in a progressively damped manner, which was not carried on to the adult 
stage. The proportion and variability of the adult stage remained low, 
whereas the proportion of eggs stayed high. This high proportion of eggs 
was due to an almost irnrrediate, high egg-production by the females when 
they reached sexual maturity. After 30 to 40 d the age class proportions 
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did not alter much and a stable age distribution was reached after 80 d. 
Carey (1982) also computed the stable age distributions from empirical 
life history studies (eg Laing 1969o;Tanigoshi et al. 1975). The stable 
age class distributions calculated from these empirical studies were 
similar to the theoretical ones, that is, 66% eggs, 26% immatures and 
8% adults. He therefore concluded that stage-structured mite counts 
were necessary in pest management, and that predator counts that were 
not stage-structured could cause failures in mite control programs. 
2.3.4 Stability and Resilience 
Elton (1958, pp 145-153) discussed different ecosystems where 
increased physical complexity could lead to a greater stability. Simple 
laboratory ecosystems, with one or two predator and prey species, are 
usually unstable. Outbreaks of pests are more common on cultivated land, 
with one or few crop species, than in complex ecosystems with large 
species diversity, such as tropical rainforests. 
Ecological terminology regarding spatial or habitat hetero-
geneity and stability can be confusing. In the present thesis, the 
terminology adopted is that of Holling (1973) and Stenseth (1980). 
Holling (1973, p 17) defined the behaviour of ecological systems 
by two factors which are characteristic of populations in the life system 
(see Chapter l): They are resilience and stability. 
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,6 tj,6Ze.m and pe.M,i_,6-te.n.c.e. oft p!tobab~y o 6 
e. x;ti,n. c.ti O YI. le, the. /te/.) uU. . 
S-tabµ+t,y le, the. ab~y o 6 a ,6 tj,6:te.m to JtduJm 
-to an. e.q LU.li bM,wn ,6 :ta:te. a 6-te.Jt a te.mp o Jta.Jttj cli.6 -
-tuJtban.c.e.. The. molte. Jta.pidly d JtUMM, and 
w.-U:h the. le. cu ,t 6luct uatio n. , the. mo Jte. ,6 -table. d 
le, . In. ,thlc, de. fr<-n.itio n. ,6 -tab~y le, .the. pita p e.Jt:t y 
o 6 .the. ,6 y,6,te_m and -the. de.g1te.e. on 6luctuation. 
alto LLYl. d -6 p e. u fr<-c. -6 :ta:tel.l -that Jtel.l uU. . ' 
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Population performance (including resilience and stability) is 
a result of the interaction between the subject species and its effective 
environment. One of the factors in the effective environment is the 
heterogeneity of the habitat or living space. Stenseth (1980) discussed 
the effect of spatial heterogeneity on population stability. He defined 
habitat heterogeneity as 'the degree of structural complexity of the 
habitat'. He further discussed different models in which stability is 
influenced by: 
' ( ;_) aUe.Jtin.g the. di.6 (yi_c.ui.;uu wi:th whic.h 
plte.da:toM aJte. able. -to c.ap-tUJte. p1te.y 
in.cuviduai-6 ( a,6,6 wne.d -to in.c.Jte.M e. wi:th 
in.c.Jte.Min.g l.)tJr.uc.:tUJUtt c.omple.u.t.y O 1) -the. 
habda:t), 
(li) -the. e.xi.6-te.n.c.e. 06 hicun.g plac.el.l ooJt plte.y 
in cu vi dua.1-6 , an. d Io Jt 
(,i_u) -the. O c.c.UMe.n.c.e. o 1) CU-6 pe.M al bdwe.e.n. paxc.he.,6 
wdh cu/) {Je.Ju.n.g avculab~y O 6 hicun.g 
plac.u {Jolt p!te.tj in.cuviduau,. , 
Thus, a predator would have greater difficulty in finding its prey when 
the spatial heterogeneity of the system is increased, leading to an 
increased stability of the predator-prey system. Stenseth (1980) 
expressed this as follows: 
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Increasing SH > Decreasing VN 
where SH is spatial heterogeneity and VN is an index of density vari-
ation equivalent to Holling's (1973) stability, as used in this study. 
Stenseth (1980) further concluded that this relationship represented 
a general case. 
Predator-prey systems in the laboratory are very sensitive to 
change in spatial heterogeneity. Huffaker's (1958) simpler systems 
with little spatial heterogeneity showed no resilience or stability. 
His most complex system (.Huffaker et al . 1963). was very resilient but 
of low stability. The direct effect of spatial heterogeneity on the 
predator's dispersal time between patches was assessed by Takafuji (1977). 
He found that the success of predator dispersal was one of the major 
determinants for stability and resilience in his laboratory system of 
Tetranychus kanzawai Kishida and Phytoseiulus persimilis. 
Nachman (1981) found that his commercial glasshouse system 
with high spatial heterogeneity had a high resilience but low stability. 
In contrast, Markkula et al. (1972), who used a similar glasshouse sys-
tem, with the same crop, observed high stability and high resilience . 
This difference is explained by the repeated redistribution, by man, of 
predators to patches of prey in the Markkula system. The negative 
impact of spatial heterogeneity on stability was overcome in this manner. 
In orchards, which have very high spatial heterogeneity, high 
resilience was reported (Gruys 1982; Readshaw unpublished); furthermore, 
the orchard predator-prey systems eventually showed stabilisation at 
extremely low population levels. 
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2.3.5 Effects of Pesticides and Fertilisers 
The problem associated with pesticide usage has been briefly 
discussed above. The effects of pesticides on predator-prey systems was 
reviewed by Van De Vrie et al. (1972). They depend to a large extent on 
the severity of the key pest(s) and the chemicals that are consequently 
used. 
Broad-spectrum pesticides such as lead arsenate, did not 
influence performance of the predator-prey system. However, the first 
synthetic insecticides such as DDT and parathion, caused spider mite 
outbreaks, while key pests were controlled. Azinphos-methyl, an organo-
phosphate introduced subsequently, gave control of spider mites as well 
as key pests, but the spider mites then became resistant. Similar prob-
lems may develop when synthetic pyrethroids come into use. 
The effect of high and low nitrogen plant fertilisation on a 
laboratory acarine predator-prey system was investigated by Hamai and 
Huffaker (1978), who concluded that the system performed adequately in 
each case. Spider mites did not reach damaging levels. Gruys (1982), 
who studied the effect of high and low nitrogen fertilisation in an 
apple orchard, also found that spider mites were adequately controlled 
by predatory mites at both levels of nitrogen fertilisation. 
2.4 NUMERICAL ANALYSIS OF PREDATOR-PREY SYSTEMS 
2.4. 1 Systems Analysis ,n Pest Control 
Systems analysis is a problem-solving rrethodology which origin-
ated in the field of engineering (Ruesink 1976).. In this approach the 
bounds of the system are determined first and the system is then modelled . 
Clark (1970) analysed pest infestation by the life systems 
approach. He distinguished three phases of investigation. 
(l} descriptive phase of the biological, technical 
and managerial factors involved; 
(2) qualitative modelling of key parameters involved 
. that address ecol ogi ca 1 and managerial tasks 
(eg decision models); 
(3) quantitative modelling or simulation to extend 
conventional research. 
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Norton (1979) identified three similar phases for the study of 
pest management problems, and thus suggested a complete approach to the 
management of pests, as previously prescribed by Geier and Clark (1976). 
Unfortunately quantitative modelling often receives more attention than 
the other steps in Norton's system. The application of systems analysis 
has thus remained limited. 
A frequently modelled life system is that of spider mites and 
their predators. The models are being investigated to provide predic-
tive systems that assist growers and other practitioners of pest manage-
ment in making decisions about the management of spider mite populations . 
Predictive models have been constructed for different spider mite and 
-predator species, that incorporate factors such as functional and 
numerical response, and life history data (Asquith and Hull 1979; Dover 
et al . 1979; Rabbinge 1976; Rabbinge and Hoy 1980). Fujita et al . (1 979) 
investigated a model in which the searching capacity of predator mites, 
their longevity and the carrying capacity of the environment for prey 
determined the behaviour of the system. Sabelis (_1981) studied the 
predation capacity of four species of phytoseiid mites by modelling the 
predator-prey interaction at the individual level. He included a number 
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of new parameters such as walking patterns and walking distance . 
Searching capacity, rate of encounter, success ratio and disturbance 
were also included. These data gave the analysis an additional input, 
which could help in selecting the most suitable predator species for 
control. 
2.4.2 Time Series Analysis 
Quantitative modelling as described in the previous section 
requires much labour and expense to produce models that fit a particular 
data set. Platt and Denman (1975) considered that these models could 
not be guaranteed to work in other data sets and suggested the use of 
tirre series analysis for quantitative modelling. A time series is a 
sequence of numbers showing the evolution of some variable as a function 
of time. Its future cannot be predicted exactly. Time series analysis, 
as the word implies, analyses serial data acquired from a system, with 
the aim of understanding and even quantifying the mathematical relation-
ships in that system. In contrast, the models described earlier (Sec-
tion 2.4. l) combine mathematical expressions for individual processes 
in the interactions. 
Platt and Denman (1975) reviewed the use of spectral analysis, 
a particular type of time series analysis, for ecological purposes. In 
one of their examples (Bigger 1973) the natural parasite-complex of a 
coffee leaf miner was analysed as a time series consisting of six years 
of daily suction trap catches. Bigger (1973) found that over this 
period readjustment had been taking place from the state of inbalance 
induced by the use of DDT. He also suggested use of time series analysi s 
for acarine predator-prey systems (Bigger 1973 p 432). 
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CHAPTER III 
PROPERTIES OF TYPHWDROMUS OCCIDENTALIS 
3. 1 INTRODUCTION 
Susceptibility of predators to the pesticides used in orchards 
has been implicated as one of the main causes of the mite problem (see 
Chapter 1). In context of the life system (Clark et aZ. 1967) of T. 
occidentaZis pesticides are inimicals, which are part of the predators' 
effective environment. The susceptibility or resistance of the preda-
tor to orchard pesticides depends to a great extent on the inherited 
properties the predator possesses towards these pesticides. 
This chapter focuses on some of the pesticidal aspects that 
influence the life system of T. occidentaZis. The toxicological responses 
of T. occidentaZis to several orchard pesticides was assessed, includ-
ing azinphos-methyl (used against codling moth in orchards), pirimicarb 
(used against aphids in orchards) and the synthetic pyrethroids biores-
methrin, fenvalerate and permethrin (pesticides with potential for use 
against major orchard pests). 
Messenger et aZ. (1976) and Hoy (1979b) identified pesticide 
tolerance in mites as an obvious trait, or inherited characteristic to 
be improved in the organisms used in biological control. Such improve -
ment depends on a number of genetic, biological and operational factors 
influencing the evolution of pesticide resistance. Georghiou and 
Taylor (1977b) concluded that man could usually only influence opera-
tional factors. The possibility of genetic improvement has become a 
realistic option in pest manageirent (Hoy 1979b; Schul ten and Van De 
Klashorst 1979; Strickler and Croft 1981), and laboratory selected 
strains of T. occidentaZis have survived for several seasons in the 
field (Roush and Hoy 1981}. 
Development of SP resistance and its properties of cross-
resistance and inheritance are also discussed in this chapter. 
3.2 MATERIALS AND METHODS 
3.2. l Rearing and Selection 
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Mites were cultured on dwarf french bean plants, PhaseoZus 
vuZgaris L., cv Double Princess. The bean plants were grown in 20 cm 
diameter pots with compost soil (Appendix B} in a glasshouse (240 x 600 
cm) at ca 25°C. In winter, additional lighting (_fluorescent tubes) 
was provided to ensure a 16 h daylength. 
At the four leaf stage, the bean plants were infected with T. 
urticae. Two weeks later, the OP resistant T. occidentaZis, collected 
from a commercial orchard (.Mr B. Hauptmann, Piallago), were added. One 
half or three quarters of the glasshouse was usually occupied by infested 
plants and the rest with different stages of uninfested plants. A 
similar glasshouse was used to produce T. urticae only, so that the 
T. occidentaZis culture could always be provided with extra prey. 
When the T. occidentaZis population reached a sufficient level, 
1.e. several egg-laying females, together with eggs and immatures per 
leaf, they were subjected to selection by spraying the plants with a 
solution of bioresmethrin using a handheld 1 pump-up 1 sprayer (ASL, 1.2 l 
polyspray). Bioresmethrin was chosen as the selecting agent because of 
its short residual life. If resistance to bioresmethrin developed, it 
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was hoped that cross-resistance to other synthetic pyrethroids would 
occur. Selection dosages were chosen to permit 20-50% survival of T. 
occidentaZis~ leaving T. urticae unaffected. In all, 10 selection 
sprays were applied with dosages gradually increasing 1n range from 2 
to 20 g a.i./100 1 (Table 3. 1). 
Table 3. l Bioresmethrin selection dates and dosages 
Date 23/11/79 30/11/79 4/12/79 18/12/79 12/2/80 
Dose g a.i ./100 1 2 5 5 10 15 
Date 5/5/80 25/7/80 12/9/80 29/9/80 9/12/80 
Dose g a.i./100 1 15 15 12 15 20 
3.2.2 Slide-Dip Toxicity Testing 
The toxicological response of T. occidentaZis to SPs was measured 
with a modified slide-dip method (FAQ standardised test method No. lOa 
for spider mites, Busvine 1980). 
Glass microscope slides were provided with a 1.5 cm long strip 
of double-sided adhesive tape (Sellotape® No. 404). Twenty adult female 1 
predator mites were stuck dorsally to the tape, using a very fine (No. 
0000) sable hair brush. The slides were kept in sealed Coplin jars 
(staining troughs) with l ml of water to ensure high humidity . After 
inspection for predator mortality (due to handling) l or 2 h later, the 
slides were dipped intoxicant solutions for 5 sand gently agitated. 
1 Males were not tested because it is technically very difficult. Their 
size is about 1/3 that of females and they cannot be distinguished from 
immature females. Moreover, in view of the presently known genetic 
systems of phytoseiids, all necessary information for genetic analysis 
of resistance would be provided by reciprocal and backcrosses. 
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The toxicant solutions and their serial dilutions were freshly prepared 
for each test. Control slides were dipped in water only and kept in 
separate jars. Distilled water was used for all preparations through-
out the experiments. Excess liquid was carefully blotted. The slides 
were air dried for 10-15 min , returned to the Coplin jars and incubated 
at 25°C. Mortality was recorded after 24 h. The mites were examined 
under a dissecting microscope (x25) and were considered dead if they did 
not respond to gentle prodding with a fine brush. Each test was repeated 
at least four times. The validity of employing a 24 h holding period 
was investigated by comparing mortality after 24 and 48 h. 
3.2.3 Toxicity Analysis 
Log concentration-probit (Lc-p) lines were used to analyse the 
results. The mortality data were corrected for control mortality with 
Abbott's formula before the analysis (Busvine 1980). The Lc-p lines 
were then calculated by Probit Analysis (Finney 1971), using the com-
puter program 'Reldose' (McIntyre and Ward 1970). Explanation of the 
program, the terminology used and an example of the analysis are given 
in Appendix D. 
3.2.4 Cross-Resistance and Tolerance to Other Pesticides 
Cross-resistance to chemicals in the same group is a common 
phenomenon in spider mites and predatory mites (Helle 1965; Schulten 
et aZ. 1976; Hoy and Knop 1981). Therefore the response of T. 
occidentaZis to the synthetic pyrethroids fenvalerate and permethrin 
was also studied. The toxicity data were obtained by slide-dip and 
analysed by probit analysis. The tests with permethrin were also used 
to validate the 24 h holding period used in the slide-dip testing method . 
37 
The presence of OP resistance in the original strain and its 
maintainance in the selected strain of T. occidentaZis was ascertained 
by slide-dip and probit analysis. 
The response of T. occidentaZis to pirimicarb, a systemic 
chemical, was studied because of the chemical's suspected influence on 
the populations in the mini-orchards (see Chapter 4). To directly 
relate these results to the findings in the mini-orchards, the predators' 
response was measured using leaf cages of a design similar to that used 
by Schulten et aZ. (1976), pictured in Fig. 3.1. Because the chemical, 
1s a systemic one, the predators' tolerance to pirimicarb was tested on 
apple leaves sprayed with a solution of 25 g a.i./100 l, and also on 
leaves taken from plants that had received a 100 ml rootdrench of the 
chemical. After the leaves were air-dried, enough T. uriticae (all 
stages) were added to feed a single predator mite for a week. Subse-
quently, one predator was added to each cage. Control treatment was 
similar except that the pesticide was replaced with water. The cages 
were then incubated for 4 d at 25°C and 16 h photoperiod, after which 
mortality of adults, plus the numbers of eggs and juveniles were 
recorded. The experiment was repeated twice, both for the systemic and 
the spray treatment. In each case there were six cages for treatment 
and six for control. 
Figure 3. 1 
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i 0.5cm f----------------1 
T 
Filter paper 
/ /I 
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1 
1 Leaf \IV-_ ) -- - -______ , v _ - ,...--:;.. ___ _., 
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10cm 
Design of the cage used ,n the study of pirimicarb 
tolerance. 
3.2.5 Genetic Analysis of Response to Glasshouse Selection 
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In Amblyseius fallacis and Phytoseiulus persimilis~ two phyto-
seiids, single dominant inheritance of OP resistance was suggested 
(Croft and Meyer 1973; Schul ten and Van De Klashorst 1979). Similarly, 
in spider mites OP resistance is mostly inherited as a single dominant 
factor (Helle 1967). In addition, genetic evidence has been presented 
for biparental males in P. persimilis (Helle et al. 1978), whereby it 
was established (p 170} that 'susceptible mothers produce susceptible 
sons, resistant mothers produce resistant sons, with disregard to the 
paternal genotype'. T. occidentalis~ the species used in this study, 
was also reported to have biparental m·ales (Hoy 1979a; Nelson-Rees et al. 
1979) but the inheritance pattern of insecticide resistance was similar 
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to that of arrhenotokous spider mites (Roush and Hoy 1981). Therefore 
the interpretation of toxicity data for T. occidentaZis was expected to 
be similar to that in spider mites. Consequently, all necessary infor-
mation for genetic analysis of resistance to synethetic pyrethroids was 
expected to be provided by the reciprocal and backcrosses as given in 
Table 3.2. 
Table 3.2 Crossing details of SP susceptible (5) and resistant (R) 
strains of T. occidentaZis. 
Progeny Tested 
1 . S9 x Rd (SR)9 
2. R9 x so (RS)9 
3. (SR)9 x So back cross (SRS)9 
4. (RS)9 x Rd backcross (RSR)9 
The chemical used in the genetic analysis was fenvalerate, because 
it gave a greater separation of Lc-p lines than did the selecting agent 
bioresrrethrin. 
The crosses were founded by isolating individual predator eggs 
on bean leaf sections with T. urticae. For each cross ca 40 virgin 
females were pooled onto a detached bean leaf culture with sufficient 
prey; subsequently 10-15 male T. occidentaZis were added. These adults 
were then transferred to new detached leaf cultures every 2-3 d to pre-
vent parent offspring matings. The offspring were allowed to mate and 
the females were tested by slide-dip after they had started to oviposit. 
Lc-p lines were calculated by probit analysis. 
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The degree of dominance to) was calculated by Falconer's formula 
as suggested by Stone (1968): 
D = 2 X2 - X1 - X3 
X1 - X3 
where X1 is the LC50 for the resistant strain, X3 is the LCso for the 
susceptible strain, and X2 is the LCso for the cross RS. Al though Stone . 
(1968) originally suggested use of this formula for monofactorial traits, 
Stone and Youlton (1982) recently justified its use for study of multi-
factorial inheritance. 
3.3 RESULTS 
3.3. 1 Development of Resistance 
Fenvalerate was the synthetic pyrethroid tried first as a select-
1ng agent, but at a rate of 1 g a.i./100 1 it annihilated the predator 
population on the bean plants. 
The OP resistant - predators were then re-established from the 
field. Subsequently, bioresmethrin, a synthetic pyrethroid with a short 
residual life, was used for selection. 
The median effective dose for bioresmethrin, here LC 50 (slide-dip), 
for the field strain of T. occidentalis before selection was 3.38 g 
a. i . / 1 oo 1 . 
The lowest bioresmethrin selecting rates of 2 and 5 g a.i./100 1 
did not give a high mortality of T. occidentalis while T. urticae seemed 
unaffected. Development of resistance was initially slow with only a 
two-fold increase in LCso over nine months, but later resistance rose 
sharp 1 y (Fig. 3. 2) . 
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Figure 3. 2 Development of bioresmethrin resistance in T. occidentalis 
over 15 months (25-30 generations) 1 • 
Resistance was still increasing after further selections and when the 
program terminated the predator could tolerate bioresmethrin applications 
of 40 g a.i./100 1. Testing details, including LC50 values, fiducial 
limits, slopes of the Lc-p lines and resistance ratios are given in 
Table 3.3. 
1 Although in selection experiments the generation number would be 
preferred, a time scale is used here. The predators were reared ,n 
a mass culture on plants with prey mites. In such a culture, 
generations of predators cannot be separated. During the time that 
selections took place, about 25-30 generations of predators could 
have deve 1 oped. 
Table 3.3 
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Parameters of Lc-p lines calculated for different stages 
,n the selection process for resistance to bioresmethrin 
in T. occidentalis. 
Month tes ted1 LCso 2 F. L. 3 Slope Resistance Ratio4 
Noverrber 1979 3.38 3.02 - 3. 80 2.70 
May 1980 5.79 2.50 - 8.07 l . 73 1 . 9 
Septermer 1980 7.73 6.35 - 9.65 2.02 2.2 
January 1981 17. 03 13.84 21. 19 2.35 5.0 
1 Time scale is used because generations were overlapping; 2 values in 
g a.i./100 l; 3 95% fiducial limits; 4 LC50 date/LCsoNovember 1979. 
Henceforth, in discussion, the test population of November 1979 will be 
designated as 'susceptible' or strain S, and that of January 1981 as 
'resistant' or strain R. 
The calculated Lc-p lines for strains Sand Rare given in Fig. 
3.3 (complete analysis in Appendix D). The points that determined the 
position of the Lc-p line for strain R showed some heterogeneity, but 
there was no systematic deviation from linearity which might have indi -
cated non-normality. The heterogeneity might have been caused by 
sampling error inherent in the testing method. Slopes between the Lc-p 
lines appeared slightly different, but the test of parallelism indicated 
a non-significant deviation (F1, 57 = 0.63, n.s.). 
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Log concentration-probit lines (bioresmethrin) for two 
strains of T. occidentalis. 
3.3.2 Cross-Resistance and Tolerance to Other Pesticides 
3.3.2. 1 Cross-re.sistance to synthetic pyrethroids and DDT 
The increased tolerance of strain R to bioresmethrin also 
resulted in increased tolerance to fenvalerate, an SP with a longer 
residual life. T. occidentalis was more susceptible to fenvalerate 
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than to bioresmethrin (LC50 1s strain S : fenvalerate 0.58 g a.i./100 l; 
bioresmethrin 3.38 g a.i ./100 1). However, fenvalerate (Fig. 3.5), 
gave a better separation between strains Sand R (resistance ratio 7.9), 
than did bioresmethrin (resistance ratio 5.0). Permethrin, another SP, 
had annihilated strain Sin the field at 7.5 g a.i./100 1 (Readshaw, 
unpublished) while a susceptible Californian strain, tested with slide-
dip, had an LC5o value of 1.4 g a. i ./100 1 (Hoy and Knop 1981). When 
strain R was tested by slide-dip, the LC5o for permethrin was 30. 73 g 
a.i./100 1. This value is considerably higher than those for bioresmethrin 
and fenvalerate. These facts indicate that cross-resistance to per-
methrin also developed in response to selection with bioresmethrin. 
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Re-examination of the permethrin test 24 h after the first 
mortality assessment, did not show great differences in mortality. The 
parameters of th_e perrrethrin Lc-p lines for T. occidentaZis are given 
in Table 3.4. Slopes and intercepts for these two lines were only dif- · 
ferent in the second decimal place, and hence the lines could be considered 
parallel (F1,11 = 0.003, n.s.). 
Table 3.4 
Morta 1 i ty 
Assessment 
After: 
24 hrs 
48 hrs 
Comparison of Lc-p line parameters 24 and 48 h after 
pe rmeth ri n test. 
LCso 1 
30.73 
27.56 
95% Fiducial 
Limits 
19.55 - 67 .. 15 
15.98 - 71.72 
Slope 
1.94 
1. 98 
Intercept 
2. 11 
2. 15 
1 Values in g a.i./100 1. 
Because SP resistance appears to be related to DDT resistance 
1n some insects (in housefly - DeVries and Georghiou 1981; in mosquito -
Omer et aZ. 1980), some preliminary slide-dip tests were conducted with 
SP resistant T. occidentaZis. DDT at 2x the recommended fie 1 d rate(2 g a.i. /1) 
caused at most 10% mortality in the slide-dip tests. 
3.3.2.2 Resistance to azinphos-methyZ 
Resistance to azinphos-methyl 1n the field strain (S) of 
T. occidentaZis was quite high (LC50 =2.49 g a.i./1 compared to a field 
application rate of 0.4 g a.i ./1). After selection with bioresmethrin, 
during which T. occidentaZis was not exposed to azinphos-methyl, the 
azinphos-methyl resistance had not appreciably changed. (The Lc-p 
lines for strains Sand Rare given in Fig. 3.4). 
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Figure 3.4 Azinphos-methyl tolerances of T. occidentaZis strains 
S and R. 
3.3.2.3 Toxicity ofpirimicarb to T. occidentaZis. 
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Results of the pirimicarb leaf cage insecticide tests are 
given in Table 3.5. The spray treatment killed all adult females leav-
ing no offspring. In the systemic (rootdrench) treatment, only 21 .4% 
of the females died, but the surviving females were unable to produce 
as many eggs as the controls over the 4 d test period. 
Table 3.5 Leaf cage pirimicarb tests of T. occidentalis 
Treatrrent 
Systemic 
Control · 
Spray 
Control 
% Parent 
Survival 
78.6 
100 
0 
96 
46 
Total 
Survi vors 1 
2.21 ± 0.38 
6.38 + 0.56 
0 
5. 74 ± 0. 36 
1 (total number of eggs+ immatures+ adults)/12 ± S.E. 
3.3.3 Inheritance of Resistance 
Toxicological responses to fenvalerate of strains Sand R, as 
well as those of crosses and backcrosses are summarised in Table 3.6. 
There was no egg mortality after isolation for virgin production other 
than that caused by damage through handling. Incompatibility for mating 
did not occur. A few of the Lc-p lines showed a degree of heterogeneity, 
but when the points were plotted on probability paper, there was no 
systematic deviation that indicated non-normality. The Lc-p lines of 
strains Sand R could be considered parallel (F1,34 = l.93, n.s.), and 
their displacement was significant (95% fiducial limits of LCw values 
did not overlap). The individually calculated lines, as well as the 
ones with common slopes for strains Sand Rare given 1n Fig. 3.5. The 
Lc-p lines of the reciprocal crosses (SR and RS) are given in Fig. 3.6, 
together with those of strains Sand R (common slopes). The Lc-p lines 
of crosses RS and SR are different. Their slopes and their LC 5o values 
are different. The Lc-p lines of the backcrosses (SRS and RSR) are com-
pared with those of strains Sand R (common slopes) in Fig. 3.7. Their 
slopes are different and their 95% fiducial limits do not overlap. 
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The tolerance of SR cross progeny to fenvalerate was intermedi-
ate between that of strains Sand R, while the RS progeny had a tolerance 
similar to that of strain R. The SRS backcross progeny also had an 
intermediate tolerance. In fact, its Lc-p line was similar to that of 
cross SR. The tolerance of backcross RSR was similar to that of strain 
R, because their Lc-p lines were statistically inseparable (95% fiducial 
limits not overlapping). 
3.4 
3.4. 1 
DISCUSSION 
Development of Resistance 
Development of resistance to aifferent pesticides in predatory 
mite species may take place at different rates. In this study, develop-
ment of resistance to SP 1 s was slow at first, with greater resistance 
developing later. The sharp increase in the rate at which resistance 
developed during later selections, suggested that the resistance had 
not yet reached a maximum. This was established, by the observation 
that resistance continued to increase after further selections. 
Hoy and Knop (1981) used permethrin to select for SP resistance 
,n T. occidentalis and found that resistance developed slowly. Strickler 
and Croft (1982) also detected a slow development of SP resistance in 
Aniblyseius fallacis. OP resistance levels in several predatory mite 
species were much higher than those for SP's. Morse and Croft (1979) 
obtained 50 and 80-fold resistance to azinphos-methyl in two strains of 
A. fallacis after 5 and 8 selections, respectively. Schulten et al. 
(1976) reported a 143-fold resistance to parathion in Phytoseiulus 
persimilis after eight selections. 
. 
Table 3.6 
Strain/ 
Cross 
s 
SR 
RS 
SRS 
RSR 
R 
Parameters of Lc-p lines (.fenvaleratel for different 
strains and crosses of T. occidentalis. 
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LCso 1 95% Fiducial Slope Intercept Res is tan ce 2 
Limits Ratio 
0.58 0.40 - 0. 81 2.22 5.53 1 
2.55 1 . 91 - 3.34 2.06 4. 16 4.44 
4.63 3.49 5.66 3.35 2.77 7. 17 
2.58 2.05 - 3. 16 2.30 4.05 4.44 
5.65 4.39 - 8.27 2.56 3.07 10.06 
4.74 3. 36 - 6.27 3.05 2.93 7.9 
1 Values 1n g a. i ./100 1; 2 LC50 strain S/LC~ other strain. 
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A 1 though the s 1 i de-dip method had been reported successful for 
testing of OP and SP resistance, it did not give good results with 
carbaryl. Hence, Croft and Meyer (1973) compared the slide-dip with a 
leaf-dip method. Using two strains of A. fallacis these authors 
reported a 25-fold resistance with the slide-dip while the same strains 
showed a 77-fold resistance when a leaf-dip method was used. 
Roush and Hoy (1981} also reported a highly variable response 
with the slide-dip method, and used a leaf-flood method to test carbaryl 
resistance in T. occidentalis. After 18 selections, they challenged 
resistant and susceptible strains with a 2.4 g a.i./1 concentration of 
carbaryl, which resulted in 83% survival in the resistant strain and 
only 2% survival in the susceptible strain. 
3.4.2 Cross-Resistance and Tolerance to Other Pesticides 
3.4.2. 1 Cross-resistance to synthetic pyrethroids and DDT 
Comparison of LC~'s for the strain Sand R, proved that 
cross-resistance to at least one other SP, fenvalerate, had been 
induced by the selection with bioresmethrin. A comparison of the LCso's 
for the present strain Rand strain WA 18 from California (Hoy and Knor 
1981) also indicated cross-resistance to permethriA for the present 
strain R (LC5o permethrin ~ strain R, 30. 7 g; strain WA 18, 8.2 g a. i./100 l). 
Cross-resistance to SP's other than the selecting agent was also reported 
by Hoy and Knop (1981) for T. occidentalis and by Strickler and Croft 
(1981) for A. f allacis. 
Cross-resistance to pesticides of different chemical structures , 
was reported~ for different arthropod species. A permethrin resistant 
I· 
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strain of housefly was cross-resistant to DDT and every other pyrethroid 
tested (DeVries and Georghiou 1981).. In contrast, a strain of Anopheles 
stephensi Liston, which had been successfully selected for DDT resist-
ance, was also found to be resistant to permethrin (.Omer et al. 1980). 
In addition, a strain of Amblyseius fallacis with resistance to synthetic 
pyrethroids was found resistant to DDT (Croft et al. 1982). These 
authors suggested that SP resistance might confer DDT resistance in A. 
fallacis. The reports of Croft et al. (1982) were based on the slide-
dip method. Therefore, the fact that DDT at the recommended field rate 
of 1 g a.i./1 resulted in only 10% mortality in both strains Rand S 
of T. occidentalis, may be an indication that this predator is resistant 
to DDT. Farnham and Sawicki (1976) and DeVries and Georghiou (1981) 
indicated that at least one of the mechanisms by which DDT and SP resist -
ance were achieved, was similar. It seems possible that the predator al -
ready possessed resistance before SP selection. If the mechanisms for 
DDT and SP resistance are similar in T. occiden talis~ it seems possible 
that the recently acquired SP resistance developed relatively fast due 
to the DDT resistance already present. 
3.4.2.2 Resistance to azinphos-methyl 
The resistance to azinphos-methyl (an OP), that was presen t 
1n the. original strain (S) of T . occidentalis~ was retained in the SP 
selected strain (R), even in the absence of selection pressure with 
azinphos-methyl. This persistence indicates that OP resistance i n 
this predator species is a stable characteristic. Similar findings 
with OP resistance in a Californian strain of T. occidentalis were 
reported by Hoy and Knop (1981) and for another predator species, 
Amb lyseius f allaci s~ by Croft et al . (l982). 
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3.4.2.3 Toxicity of pirimicarb 
Pirimicarb effects on T. occidentalis were more severe when 
the chemical was sprayed on the leaves than when the leaves were system-
ically treated. Overmeer and Van Zan (1981) also found this chemical 
to have an effect on three species of phytoseiids. Reduced egg produc-
tion in the systemic treatment during the present study could_ have 
reduced the predator's ability to control T. urticae. The effects of 
pirimicarb on populations of T. occidentalis in mini-orchards are dis-
cussed in Chapter 4. 
3.4.3 Inheritance of Resistance to Synthetic Pyrethroids 
The relative resistance levels for the different genotypes 
are given in Table 3.7. 
TABLE 3.7 
Category 
l 
2 
3 
Relative resistance levels of synthetic pyrethroids to 
different genotypes of T. occidentalis. 
Genotype Relative Resistance Level 
RR, ( RxS) , ( RxS) xR Fu 11 resistance 
( SxR), (SxR)xS Intermediate resistance 
ss Full susceptibility 
The resistance of all genotypes in category 1 suggests that 
apparently fully dominant characters are involved in inheritance of SP 
resistance. This is confirmed by calculation of the degree of dominance 
(D) with Falconer 1 s formula (Stone 1968), where D=0.95 indicates almos t 
complete dominance. The inequality of the resistance levels in the 
reciprocal crosses (RxS) and (SxR) indicates that more than one factor 
is involved, possibly an extra-chromosomal factor (Crow 1957). The 
toxicological responses among the female offspring of the (SxR)xS back-
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cross does not show the characteristic step-function. Therefore, that 
progeny is not separated into 50% susceptible and 50% resistant, which 
is characteristic for single factor inheritance. More than a single 
factor seems to .be involved (Helle 1967, Tsukamoto 1963, Stone and 
Youlton 1982). In addition, the inequality between (RxS) and (SxR) 
female offspring shows that the resistance factor, if derived from the 
female parent, is more pronounced than when it is derived from a male 
parent. The backcross (RxS)xR progeny possesses resistance factors 
from both parents. In that case, the maternal genome seems to dominate. 
However, in the cross (SxR). only paternal resistance genome is present; 
resistance is only intermediate. In backcross lSxR)xS offspring, the 
resistance factor has been passed on from the female parent. However, 
there are fewer genotypes possessing that genome. If we hypothesize 
that the maternal factor is twice as strong as the paternal one, then 
the equal resistance levels in offspring from the crosses (SxR) and 
(SxR)xS can be explained. 
In recapitulation SP resistance appears to be inherited 
through a dominant system, with the involvement of more than one 
factor . When these factors have been passed on by a female parent 
they appear to convey a greater resistance than when they have been 
passed on by a male parent. 
In predatory mites the only dominant pesticide inheritance 
systems that have been reported were for OP resistance in Phytoseiulus 
persimi lis (Schulten and Van De Klashorst 1979) 9 and Amblyseius fallacis 
(Croft et al. 1976b). Both studies indicated that OP resistance is 
probably inherited through one completely or almost completely dominant 
gene. Although the strain of P. persimilis used by Schulten and 
Van De Klashorst {_1979) was selected in the laboratory, it had been 
previously exposed to OP pesticides in the field (commercial glass-
houses). The strains of A. fallacis studied by Croft et al. (1976b) 
had been found resistant in the field. 
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Carbamate resistance occurs in field populations of Typhl odromus 
pyri ( Gruys pers. comm.} and A. fal lacis {_Croft and Meyer 1973) , but 
the genetics of resistance has not been studied. Roush and Hoy (1981) 
selected for carbamate resistance in a laboratory strain of T. occidentalis. 
This strain had a previous history of pesticide exposure in the field. 
Due to testing problems these authors were not able to conduct a full 
genetic analysis. They tested only one carbaryl concentration with a 
so-called leaf-flood test. Although their test results suggest relative 
differences between strains Sand R, reciprocal and backcrosses, these 
authors had no knowledge of the complete tolerance distributions, and 
assumptions, made on such an incomplete analysis, are hard to justify. 
Georghiou (1965} also expressed sceoticism about genetic analyses that 
used only one concentration. 
The studies by Hoy and Knop (.1981) of SP resistance in 
T. occidentalis provide interesting comparisons wj th the present study 
1n Australia, particularly because both strains of T. occidentalis 
had the same origin, Washington State, USA. Both studies concluded tha t 
SP resistance, in contrast to OP resistance, is probably inherited 
quantitatively. The progress of SP resistance development in both 
studies was very slow compared to OP resistance development. Reciproca l 
crosses in the present study were fertile, which contrasts with the 
incompatibility in the RS cross of the Californian predator strain. 
r 55 
This suggests that there is a deleterious gene linked to the resistance 
gene in the Californian strain. There was no difference between sus-
ceptibility of the reciprocal crosses in the Californian strain, whereas 
the Canbe~ra strain clearly showed such a difference. It seems likely 
that the Canberra strain possesses a sex-linked or cytoplasmic factor, 
not present in the Californian strain. The toxicity data reported for 
the Californian strain also indicate recessive traits with backcross 
and F2 segregates that are susceptible. In the Canberra strain, RS 
and backcross progeny were all resistant, thus implying dominance. 
Recently, Whitten and McKenzie (_19821 suggested that selection 
procedures for pesticide resistance in natural enemies should aim at 
single locus variation. This was an extrapolation from their findings 
with the sheep blowfly, where laboratory selection resulted in resistance 
of a 'lower order polygenic variation', whereas field selection exploited 
the 'rare single locus variant'. These authors also suggested that 
laboratory selection tended to exploit polygenic resistance, whereas 
field selection tended to result in the single locus variant. 
The present findings and those of Hoy and Knop (1981) support 
the hypothesis of Whitten and McKenzie (1982). Neither strain of T. 
occidentalis used in these two studies had been previously exposed to 
SP's. Both strains responded to laboratory selection with the develop-
ment of polygenic resistance. The work on OP resistance in P. persimilis 
(Schulten and Van De Klashorst 1979) and A. falla cis (Croft et al . 1976b ) 
also supports Whitten and McKenzie's conclusion because P. persimilis , 
previously exposed to OP's in the field (commercial glasshouses), obtained 
a single factor OP resistance after selection had been boosted by labor-
atory applications. A. fallaci s obtained single factor OP resistance as 
a result of field selection. 
L 1 
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There are several factors that may have contributed to the 
differences in resistance development between the Californian strain 
and the Canberra strain R. 
(1) Genetic: Both strains have a history of previous OP 
resistance. The population size may have played a role in 
determination of dominance or recessiveness of the resistance. 
The number of mites selected was only a few hundred at most 
(2) 
in the Californian strain, whereas the Canberra strain R 
population always consisted of several thousands of individ-
uals. The presence of R genes, given the same R gene frequency 
is more likely in the larger populations. 
Biochemical: Different biochemical mechanisms of resistance 
could have developed in the Canberra strain and the Californian 
strain. A similar development was reported for the housefly 
(Keiding 1977); where the R gene for DDT resistance in Denmark, 
Italy and Czechoslovakia was different from that in the USA 
and a number of other countries. In Australian cattle ticks 
from different localities, there was an indication of differ-
ent mechanisms for OP resistance (Roulston et al. 1981). 
(3) Operational: The persistence of the selecting agent in the 
Californian study, permethrin, is much greater than that used 
in the present study (bioresmethrin). In addition, Whitten 
and McKenzie (1982) gave exact dosing for all individuals in 
laboratory selection as a reason for polyfactorial resistance 
development. This may be so for the Californian study, where 
paraffin coated discs were sprayed with the selecting agent, 
but in the present study, selection sprays were directed at 
several hundreds of bean plants, almost certainly resulting 
in uneven coverage, and thus uneven exposure of the predators. 
Nevertheless, both selection regil'l'Es resulted in polyfactorial 
resistance. The life stages which are put under selection 
pressure, may also influence the final result of the selection 
process. In the Californian study only mated female predators 
were exposed, whereas in the present study, all predator life 
l 
stages were exposed. These differences may have been the 
cause of induced recessiveness in the Californian strain 
Rand dominance in strain R for the present study. 
Development of SP resistance did take place, but instead of 
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the expected single factor variant, inheritance was probably controlled 
by several factors. T~e experimental procedures had been selected in 
view of the past findings with spider mites and predatory mites (eg Helle 
et al. 1978} and only female progeny was tested. The unusual findings 
1n the present study (_greater resistance when the R genome is passed on 
by the female parent, than when it is passed on by the male parent) would 
make it desirable to test male progeny as well. This could lead to a 
further enlightenment of the parahaploid -~atus of phytoseiid mites and 
it could also lead to further analysis of the exact mode of inheritance 
of SP resistance in T. occidentalis. 
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Chapter IV 
POPULATION STUDIES 
4. l INTRODUCTION 
The ability of T. occidentalis to control T. urticae populations 
is well documented (see Huffaker et al. 1970; Field 1978) and has been 
confirmed for the strain of T. occidentalis used in this investigation 
(Appendix E). 
Features of the predator-prey system and its reaction to changes 
in some of the life system components were studied by means of 1mini-
orchards1in the glasshouse. An OP resistant strain of T. occidentalis 
was observed over 96 weeks, during which period two different levels of 
spatial heterogeneity were applied. Subsequently an SP resistant strain 
of T. occidentalis (see Chapter 3) was introduced and tested over a 30 
week period. A number of routine and incidental pesticide applications 
was made during both mini-orchard studies. The dynamics of the predator-
prey system was investigated using time series analysis. 
4. 2 PREDATOR-PREY INTERACTIONS IN MINI-ORCHARDS 
4.2. l Materials and Methods 
4.2.1. l Mini-orchard cultivation 
Six blocks of 48 'Granny Smith' apple seedlings were grown, 
one plant each, in 15 cm diameter pots with compost soil (Appendix B), 
topped with washed river sand. These blocks of seedlings were named 
1mini-orchards1 by Readshaw (pers. comm.). The mini-orchards were culti-
vated on benches in a glasshouse. The spatial arrangement and numbering 
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of mini-orchards in the glasshouse is shown in Fig. 4. 1. The plants 
were watered daily to saturation by an automatic drip-irrigation system. 
The plants were fed weekly with a water-soluble complete fertiliser (1 g 
® Aquasol /1 water) and once every 3-4 weeks with iron chelate (13.2 mg 
® Sequestrene /1 water). rhe temperature was kept at 25°C with thermo-
statically controlled evaporative coolers and electric fan heaters. In 
surrmer, peak temperatures of up to 28°C occurred. Therefore, the glass -
house was whitewashed to further reduce temperatures. During cold 
winter nights the minimum fell to 19°C. In winter, fluorescent tubes 
provided additional lighting, to ensure a minimum daily photophase of 
16 hours. 
The long-term population studies required that plants be in 
leaf continuously. This was achieved by pruning alternate plants every 
6-8 weeks. The arrangement of individual apple seedlings within a 
mini-orchard is shown in Plate 4. 1 and in Fig. 4.2. For instance, all 
circles with letter A in Fig. 4.2 represent the tall plants, while the 
ones with letter B represent the plants just pruned. The plants marked 
B start shooting within 7-10 d , and tall plants marked A are about 
50 cm tall. After 6-8 weeks, plants A reach a height of 120-150 cm and 
are ready for pruning, while plants B then have grown to 40-50 cm. 
During the 32 months of the mini-orchard experiments, there were 18 
prunings, as indicated by * in Figs 4.33 and 4.35; the exact dates are 
given in Appendix F. 
4.2.1.2 Spat ial heterogeneity 
Two levels of spatial heterogeneity were studied. After 
week 4, the plants within Mini-orchards 1, 2 and 3 were linked by a 
rectangular grid of dowel rods (6 mm diam.), at about 10 cm above soil 
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level, while plants in Mini-orchards 4, 5 and 6 were left unconnected. 
After 43 weeks, plants within Mini-orchards 4, 5 and 6 were connected 
in the same way. In the text, the respective mini-orchards are refer-
red to as 'connected' or 'unconnected'. The tall plants in all mini-
orchards were staked to minimize contact between them and the neighbour-
ing plants. 
4.2.1.3 Infestation and sa.mpling 
At the start of this investigation, the mini-orchards were 
already infested with T. urticae and the OP resistant strain of T. 
I· occidentalis, but numbers were very low. Mites comprising the original 
infestation had come from a commercial orchard near Canberra (Mr B. 
Hauptmann, Piallago). The introduction of a second predator species, 
Typhlodromus pyri Scheuten, was not successful (see Appendix G). 
Samples of mites on plants were taken to obtain relative 
estimates of population size both in time and space. Preliminary counts 
on whole plants showed that T. urticae and T. occidentalis were unevenly 
distributed on upper and lower leaves. However, all stages of both 
species were well represented on leaves from the middle section of the 
plants. A weekly one-leaf sample was taken, therefore, from the middle 
section of each tall plant. To immobilise the mites until they were 
counted, the leaves were stored in an insulated plastic foam container 
with ice packs. All stages of prey and predator mites were counted on 
both sides of each leaf, using a dissecting microscope (xl2 or x25) and 
the results for each leaf were recorded separately. When spider mite 
densities were higher than 20 per leaf, only the mites on a 0.5 cm wide 
strip, at a right angle to the midrib,"were counted. The number on 
this strip was then extrapolated to the whole leaf area, by comparison 
l ·----~-
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with photographic standards, to give an estimate of the mite density on 
the leaf (Readshaw 1975). Predator mites were always counted on the 
whole leaf. 
When other organisms, such as the privet mite, Brevipalpus 
obovatus Donnadieu, were observed, their presence was recorded. During 
Weeks 86 and 87, an attempt was made to establish whether aerial disper-
sal of the mites was taking place. Four sticky traps were suspended 
from the frame of the glasshouse. The traps consisted of perspex 
cylinders, with an outside surface area of 60 cm2 , which were coated 
with an insect trapping adhesive. 
After the OP resistant strain had been removed with an 
acaricide (see Section 4.2.1.4), the SP resistant strain of T. occidentalis 
was introduced in Week 1029 by stapling a bean leaf with 3-4 adult female 
T. occidentalis and about 20 female T. urticae to a leaf in the middle 
section of all tall apple seedlings. Sampling for this second mini-
orchard study was started in Week 104 using the methods already described. 
Leaf samples were not taken in Weeks 17, 32, 45, 62, 77, 79, 
97, 98, 99,100,102,103,116,120 and 125. 
4.2.l.4 Pesticide applications 
The mini-orchards had to be routinely sprayed with bupirimate 
0.01% a.,. for control of powdery mildew. In addition, the mini-orchards 
were sprayed with azinphos-methyl 0.05% a.i. and captan 0.1 % a.i. to 
simulate the pesticide regime in commercial orchards. These three 
chemicals are co~patible and were usually applied in one combined spray9 
using a knapsack sprayer. Aphids that entered the glasshouse occasionally 
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(Aphis citricoZa Van Der Goat, Aphis gossypii Glover and Aphis craccivora 
Koch) were controlled with pirimicarb 0.34% a.i. At first this was 
sprayed on, but later it was applied as a root drench@ 100 ml solution 
per plant. In the last two applications, the rate was reduced to 0.025% 
a.i. 
The mini-orchard studies with the OP resistant strain of 
T. occidentaZis were terminated by two acaricide sprays (cyhexatin 0.01% 
a.i.) in Weeks 95 and 96. 
During the subsequent studies with the SP resistant T. 
occidentaZis, routine pesticide sprays were applied as before. Pirimi-
carb applications were not necessary. A synthetic pyrethroid, biores-
methrin 0.01% was sprayed three times to assess its effect on the SP 
resistant predator under mini-orchard conditions. 
Technical details of all pesticides used are given in 
Appendix C. The applications are indicated in Figs 4.33 and 4.35. 
Exact dates are given in Appendix E. 
4.2.2 
4.2.2. 1 
Results of Mini-orchard Studies with OP Resistant 
T. occidentaZis 
Description of population trends 
Mean population fluctuations of T. urticae and of the OP 
resistant T. occidentaZis over all six mini-orchards are given in 
Fig. 4.3. There were nine distinct oscillations in the populations of 
both species. The predator time-lag, that is the period it took T. 
occidentaZis to respond to increased T. urticae densities, was one week. 
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Population trends of T. urticae and T. occidentalis in the 
six individual mini-orchards are given in Appendix I. All weekly leaf 
samples are represented graphically in Appendix J. 
Figure 4.3 also gives the standard errors of population 
estimates for T. urticae and T. occidentalis. During the 96 weeks of 
the study, the standard errors followed the same pattern of fluctuations 
as the population means. However, when T. urticae reached very high 
population densities (peaks AB, CD and DE), the standard errors became 
relatively smaller. 
The first period (A-E) showed four oscillations, each last-
ing 12-14 weeks. T. urticae reached a high mean density in peaks AB, 
CD and DE, of respectively 367.4, 142.5 and 475.9 mites/leaf (all 
stages), while during peak BC T. urticae reached only 12.6 mites/leaf. 
During peaks AB, CD and DE, T. occidentalis reached 1.1, 5.2 and 48 
mites/leaf, while during peak BC they reached 0.7 mites/leaf. 
The second period (E-J) showed five oscillations, each 
lasting 8-9 weeks. However, the population of T. urticae and T. occidentalis 
never reached very high densities during this period. T. u.rticae levels 
generally fluctuated around 5-10 mites/leaf excepting peak I-J, while 
T. occidentalis fluctuated around one mite/leaf. Mean peak numbers of 
mites per leaf for T. urticae and T. occidentalis were as follows: 
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4.2.2.2 Dispersion statistics 
In natural populations the sample variance and mean tend to 
increase together. According to Taylor (1961, 1965) this relationship 
follows a power law expressed by: 
log s 2 = log a+ blog x 
where a is a sampling factor, while bis an index of aggregation for 
the species. The power law holds for a number of dispersion patterns 
I ' frem regular (b < l) and random (b = l) to highly aggregated (b > l). 
These parameters were calculated by linear regression over all mean 
samples (T. u:rticae and OP resistant T. occidentalis) from the six mini -
orchards. The mean-variance relationship for T. urticae is given in 
Fig. 4.4. For T. occidentalis the relationship is given 1n Fig. 4.5. 
The regression lines give a good fit to the sampling data for both 
T. urticae and T. occidentalis~ indicating that both species s~em to 
conform to the power law. The b parameters for T. urticae and T. 
occidentalis respectively were 1.64 and 1.43, which is an indication 
that both species are highly aggregated. 
Morisita's (1962) Index of Dispersion, I0 , was used to inspect the 
variation in the dispersion patterns of T. urticae and T. occidentalis 
from week to week, both for Mini-orchard 1, which was connected and 
for Mini-orchard 4, which was unconnected at first, and connected afte r 
Week 43. The index is given by the formula: 
I: X2 - LX 
I 0 = N -----(Lx) 2 - LX 
I0 is claimed to be relatively independent of the number of samples and 
the size of the mean. When the dispersion pattern is regular, the inde x 
6 
5 
4 
I· 
3 
<l.) 
u 
C 
cu 
~ 
cu 
> 
O') 
0 
2 
1 
0 
-1 
-2 
Figure 4.4 
68 
-T. urticae 
• 
• 
, 
•• : ). 
•• • •• I 
• 
~-·· :71 
• • 
•'• 
••• I 
• /" 
• I 
• •• 
• 
• 
• 
• • 
• • 
• 
• • 
-1 0 1 2 
log mean 
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mini-orchards during Weeks 1-96. Regression equation 
log s2 = log 29.27 + 1.64 log x (r= 0.983}. 
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samples in all mini-orchards during W~eks 1-96. Regression 
equation log s2 = log 7.14 + 1.43 log x (r= 0.957 ) 
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will be less than 1; when the dispersion pattern is random the index 
will be equal to 1, and when the dispersion pattern is aggregated the 
index will be greater than 1. 
The values of I0 for both T. urti cae and T. occidentalis 
in two adjacent mini-orchards (1 and 4} are given in Table 4.1 . The 
high values of the index (usually greater than 2) for both speci es in 
both these mini-orchards indicate that both species are highly aggre-
gated. The dispersion pattern approaches randomness ( I0 < 2) on ly when 
very high mite densities are reached (eg Weeks 35, 36 and 48 ) , poss i bly 
I· because of overcrowding. A regular dispersion pattern is never reached 
for T. urticae~ while for T. occidentalis it is only approached twice 
(1 0 < 1) during Weeks 67 and 89. 
4.2.2.3 Prey-predator ratios 
The ratios of prey-predator means over Mini-orchards 1-6 
are given in Table 4.2. The prey-predator ratio can be used to indica t e 
the amount of divergence between prey and predator population curves 
because it increases as the population curves diverge. The ratios 
reached very high values, namely 2875, 96 and 1433, during population 
peaks AB, CD and DE (Weeks 8, 33 and 46). Lower population peaks usua lly 
gave 1 ower prey-predator ratios. The prey-predator ratios remained be 1 ow 
60 from Week 49 to Week 92, when both mite species were low in density. 
4.2.2.4 Weighted age classe s fo r T. urticae and OP resistant 
T. occidentalis . 
The proportions of the different age group observed for 
T. urticae and T. occidentalis over all mini-orchard samples were 
transformed into a single value, the weighted age class. The we i ghted 
Tab 1 e 4. 1 
Week No. 
5 
6 
7 
8 
9 
10 
l l 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
71 
Morisita 1 s Index of Dispersion (I 0 ). for T. urticae and the 
OP resistant T. occidentalis in Mini-orchards 1 and 4 over 
96 weeks. Mini-orchard 1 was connected, while Mini-orchard 
4 was first unconnected, and then connected after week 43. 
I0 could not be calculated where the number of mites in the 
sample was too small. 
T. urticae 
Mini-orchard 
l 4 
7.03 
3.44 
l . 74 
1.64 
l. 69 
3.37 
2.83 
14.40 
9.09 
l O. 21 
4.47 
3.39 
2.95 
2. 31 
2.20 
3. 31 
9.52 
3.83 
7. 11 
12.97 
4.73 8.90 
no sample 
6. 67 
20.80 
12.00 
12.44 
5.41 
no 
9.08 
3.0 
1. 84 
2.26 
4. 41 
14. 40 
18.00 
9. 41 
5.56 
9.56 
9.58 
l O. l 0 
5.20 
6.48 
16. 31 
14.00 
sample 
4.59 
4.55 
2.78 
2.90 
2. 82 
14.44 20.74 
no sample 
3.57 9.60 
T. occiden talis 
Mini-orchard 
l 4 
3.20 6.40 
13. 19 
24.00 5.14 
4.40 6.64 
2.61 4.26 
24.00 4.92 
4.80 5.59 
7.33 3.27 
14.67 10.29 
no sample 
4.00 
8.,00 
10.29 11.40 
4.87 4.80 
2. 18 7. 20 
7.43 
6. 10 
8.00 
no sample 
6. 18 
7. 86 
1.78 1.91 
l . 32 2. 03 
l . 73 2. 35 
l . 60 1 . 45 
1 . 75 4 . 80 
14.40 
no sample 
9.09 
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Table 4.1 - Continued 
T. urticae T. occidentalis 
Week No. Mini -orchard Mini-orchard 
l 4 l 4 
47 3.87 3.87 4.47 
48 l . 77 3.27 l. 68 l . 59 
49 2.23 7.92 l. 86 3.32 
50 4.25 1.92 l . 97 · 
51 12.00 
52 2.62 
53 2.40 
54 12. 13 8.00 
55 8.00 
56 
57 
58 7.20 
59 5. 71 12.00 
60 19. 15 6. 75 8.00 9.60 
61 10.00 3.87 18. 67 
62 no sample no sample 
63 11 . 01 8.85 5.52 3.38 
64 10.88 11. 36 3. 27 8.00 
65 15.07 8.44 14. 82 12. 13 
66 8.40 
67 5.50 18. 00 0.66 
68 14.00 10.29 
69 8.43 5. 14 
70 11 . 20 20.00 8.00 
71 12.00 
72 
73 
74 
75 
76 12.00 
77 no sample no sample 
78 12.29 16.55 
79 no sample no sample 
80 8.08 8.46 3.75 
81 l O. 19 20.05 2.91 11 . 77 
82 9.70 16.37 6.65 2.29 
83 3.37 2.58 8.00 
84 5.76 6.65 4.08 16.32 
85 3. 68 2.29 5. 16 
86 9.21 2.91 2.32 
87 9.60 1 . 45 
88 8.00 
89 0.53 
90 11 . 14 
91 
92 11 . 36 16.00 8.00 8.00 
93 4.39 7.06 7. 71 
94 5.08 3. 15 2. 18 6.00 
95 5. 10 2.84 2.70 1.60 
96 15.95 10.69 8.00 9.54 
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Table 4.2 Ratios of prey-predator means in Mini-orchards 1-6 during 
Weeks 1-96. 
Week p-p Week p-p Week p-p 
No ratios No ratios No ratios 
l 6.0 33 75.0 65 4.4 
2 9.3 34 62. 1 66 10.5 
3 18. 1 35 46. 9 67 · 13. l 
4 77.2 36 21. 4 68 13. 5 
5 80.0 37 7. l 69 3.9 
6 58.3 38 0.51 70 l . 2 
7 36. 7 39 0.2 71 0.3 
8 2875.7 40 0.7 72 0. l 
9 901.2 41 5.6 73 7.5 
10 643. l 42 78 74 12.6 
11 104.6 43 a 75 11 . 9 
12 20.0 44 382.7 76 21.9 
13 4.2 45 ns 77 ns 
14 10.4 46 1433 78 18. 9 
15 4.7 47 278.0 79 ns 
16 3.8 48 160.8 80 4.8 
17 ns 49 27.0 81 4.7 
18 15.4 50 1. 4 82 8.7 
19 7.5 51 0.75 83 8.3 
20 19.2 52 0. 1 84 13. 1 
21 1 1 . 1 53 0.6 85 9.9 
22 44.9 59 5.8 86 15.3 
23 7.9 55 6. 1 87 13. 4 
24 17. 0 56 8.6 88 8.4 
25 6.7 57 59.8 89 5.4 
26 3.8 58 13.3 90 0.4 
27 5.3 59 5.9 91 3.3 
28 l . 3 60 7.6 92 67.3 
I 
29 12.7 61 20.6 93 65.2 
30 6.6 62 94 167.3 I. ns 
31 71. 0 63 3.9 95 41 . 5 
32 ns 64 2.6 96 1 . 8 
ns - no sample; a The sample of Week 43 did not contain any predators. 
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age class (WAC} was calculated as follows: 
(Number of eggs x 1) + (_number of immatu·res x 2) + (number of adults x 3) 
Total number (eggs+ immatures+ adults) 
When the formula yields a value approaching or equal to l, most or all 
the individuals represented are eggs; when it yields a value close to 
or equal to 3, most or all individuals represented are adults, and when 
the value is about or equal to 2, either all age groups are represented 
equally or only immatures are present. 
Mean WAC values for T. urticae and OP resistant T. occidentalis 
-
on all mini-orchards were plotted relative to mean population trends for 
96 weeks in Fig. 4.6. 
To study differences between mites in connected and uncon-
nected mini-orchards, WAC values were calculated for Weeks 30-42 and 
71-84, both for T. u~ticae and OP resistant T. ocaidentalis in Mini-
orchards 3 and 6, which were respectively connected and unconnected 
during Weeks 30-42 and all connected during Weeks 71-84. These WAC 
values are given in Table 4.3. 
Mean WAC values over all six mini-orchards for T. ur ticae 
usually fluctuated between 1.5 and 1.75. Maximum values around 2 were 
reached in Weeks 2, 27, 37, 39 and 70. In Weeks 50 and 51 the weighted 
age class reached the even higher values of 2.65 and 2.73. The WAC 
values for T. occidenta l is were usually higher than those of T. urticae 
and fluctuated around 2. During Weeks 2, 39, 51, 72 and 91 it reached 
values approaching 3. 
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Mean weighted age class for T. urticae and T. occidentaZis 
in all mini-orchards during Weeks 1-96 (further explana-
ti ans in Section 4. 2. 2. 4, p 70 ) . 
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Table 4.3 
Week 
No. 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
76 
Weighted Age Class 1 for T. urticae and OP resistant 
T. occidentalis in Mini-orchards 3 and 6 during Weeks 30-
42 and 71-84. 
Mini-orchard 3 
T. urticae T. occidentalis 
1.29 
l. 40 
l . 45 
1. 47 
1.59 
1 . 39 
2.00 
3.00 
1.50 
1.69 
1 . 71 
l. 60 
1. 45 
1.94 
l. 60 
3.00 
2.0 
no sample 
no sample 
no sample 
l. 58 
1. 79 
l. 96 
2.04 
2.72 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
3.00 
2.50 
2.00 
2.00 
1 . 71 
2. 15 
2. 71 
3.00 
3.00 
Mini-orchard 6 
T. urtiaae T. occidentalis 
l. 35 
1.60 
1. 64 
1. 75 
2.25 
1.67 
3.00 
1. 80 
3.00 
1. 40 
1. 88 
1 . 17 
l. 56 
1. 40 
2.00 
l. 06 
2.00 
no sample 
1.95 
1.96 
2. 19 
2.48 
2. 71 
3.00 
3.00 
3.00 
2.33 
3.00 
3.00 
3.00 
no sample 
no sample 
2.20 
1 Further explanation in Section 4.2.2.4, p 70. When samples did not 
contain any mites no weighted age class could be calculated. 
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During Weeks 31-42, WAC values for T. urticae and T. 
occidentalis in Mini-orchards 3 and 6 followed the general trends for 
the total (see Table 4.3). However, during Weeks 71-82, only the WAC 
values for the mites in Mini-orchard 3 roughly followed the mean trends; 
those calculated for mites in Mini-orchard 6 did not do so. 
4.2.2.5 Effects of spatial heterogeneity 
The weekly mite counts from all individual sample plants in 
all mini-orchards were combined (by com~uter} into 3-dimensional graphs 
indicating estimates of mtte density on each of the sample plants. The 
computer program for these graphics (Appendix L) was written by Dr D.H. 
Colless, CSIRO, Division of Entomology. A complete set of these graphs 
for Mini-orchard 6 is included in Appendix K, while all graphs for all 
mini-orchards are available on microfiche in Appendix J. 
In the present study, different levels of spatial hetero-
geneity were created by the presence or absence of dowel rods as con-
nections between the plants within mini-orchards. The influence of 
different levels of spatial heterogeneity on dispersal and density is 
depicted in Figs 4.7 to 4.18 (Weeks 30-42), when only half the mini-
orchards were connected, and in Figs 4. 19 to 4.30 (Weeks 71-84), when 
all mini-orchards were connected. In the text these figures are refer-
red to by week numbers. 
4.2.2.5. l Dispersal within mini-orchards: Dispersal within Mini-orchard 
3 during Weeks 30-42 can be considered characteristic of 
T. urticae and T. occidentalis for the case when plants 
within the mini-orchards are connected. In Week 30, only 
one plant in this mini-orchard was occupied by T. urticae. 
One week later two plants were occupied by T. urticae but 
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also by T. occidentalis. In Week 33, T. urticae was present 
on 15 plants and had increased in density. T. occidentalis 
was present on 11 of these plants. A further spread of T. 
urticae took place during Week 34, so that it was found on 
23 out of 24 sampling plants. However, T. occidentalis had 
also increased and spread rapidly. It already occupied 21 
of these plants a week later. From then on fewer T. urti~ae 
were found on fewer plants until in Week 38, it could not be 
found, while T. occidentalis was still present on five 
plants. Density and dispersal of T. occidentalis was then 
further reduced until no more predators were found in Week 
42. 
Dispersal of the mites within Mini-orchard 6 (unconnected) 
during the same period (Weeks 30-42) showed a different 
pattern. In Week 30, only one plant was occupied by T. 
urticae. Dispersal of T. urticae from then on was faster 
than in Mini-orchard 3. Twenty-three plants were occupied 
by T. urticae three weeks later, but T. occidentalis was 
present only on four of these plants. A week later (Week 
35), T. occidentalis was found on 11 out of the 22 plants 
infested with T. urticae. The following weeks showed a 
rapid population decline and reduced dispersal of T. urticae~ 
followed similarly by T. occidentalis. 
When plants within all mini-orchards were connected, T. 
urticae did not reach the same densities as before, nor did 
they disperse as widely within mini-orchards. During Weeks 
79 
71-80, dispersal in Mini-orchard 3 was very gradual. Only 
one plant was occupied by both T. urticae and T. occidentalis 
in Week 70. In Week 80, T. urticae had spread to 17 out of 
24 sampling plants. T. occidentalis was then found on 14 
plants. A rapid decline in the population of T. urticae 
then took place with a similar, but later drop in the numbers 
of T. occidentalis~ until no more mites appeared in the 
sample during Week 84. 
Throughout Weeks 71-84, mites were very sparsely distributed 
in Mini-orchard 6, neither T. urticae nor T. occidentalis 
being found on more than three plants. 
4.2.2.5.2 Dispersal between mini-orchards: The relation between mite 
infestations in all mini-orchards can also be derived from 
Figs 4.7 to 4.30. 
The T. urticae infestations that started in Mini-orchards 3 
and 6 during Week 30, rapidly spread and increased. In Week 
31, five mini-orchards were infested and, in Week 33, all 
six mini-orchards were found infested. T. occidentalis 
followed with a time-lag of about one week. Mite numbers 
were highest in the mini-orchards where the infestations 
started. In Week 34, mite numbers in Mini-orchards 3 and 
6 started to fall, while they were still rising in the 
other mini-orchards. After Week 36, infestation size and 
density decreased in all mini-orchards. A further decrease 
took place during Weeks 38 and 39 and mainly predators were 
left in all mini-orchards. During Week 40, an increase in 
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T. urticae and T. occidentalis was observed in Mini-orchards 
3, 5 and 6. In Mini-orchard 6, the increase continued after 
Week 42, while mite numbers in Mini-orchards 3 and 5 
decreased. 
During the period from Week 71-84, only one of the mini-
orchards (3) had a major infestation. In Mini-orchard 3, 
both T. urticae and T. occidentalis slowly increased in 
numbers until Week 78. Populations of both species then 
decreased until only T. occickntalis was found in Week 84. 
During these weeks there were several smaller infestations 
in the other mini-orchards. - However, these infestations 
seemed independent of each other. For instance, a small 
T. urticae/T. occidentalis infestation started in Mini-
orchard 2 in Week 72; it reached a very low peak in Week 75 
and decreased to zero in Week 81. Other infestations 
started in Mini-orchards 1, 4 and 5 in Week 76. These kept 
increasing in Mini-orchards 4 and 5, until after Week 84, 
but in Mini-orchard l, it started decreasing in Week 82. 
4.2.2.5.3 Effect of spatial heterogeneity on mite densities: During 
the time that only half the mini-orchards were connected, 
pop~lation fluctuations in all mini-orchards were reasonably 
synchronous (Appendix I). This enables a comparison of 
mean mite densities between the connected and unconnected 
mini-orchards as depicted in Fig. 4.32. The population 
densities of T. urticae and T. occidentalis in the uncon-
nected mini-orchards were almost always higher than those 
in the connected mini-orchards. 
.... 
Figures 4.7-4.18 Mite dispersal in Mini-orchards 1-6 during Weeks 30-
42. The histo~ram bars indicate presence and 109 densities 
of T. urtiaae (white) and T. oaaidentaZis (black)~ The 
intersections of the dashed lines indicate locations of sample 
plants. A scale of comparison for relative mite densities is 
given in Fig. 4.31 (p 93). 
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Figures 4.19-4.30 Mite dispersal in Mini-orchards 1-6 during Weeks 
71-84. T. urticae (white) and T. occidentalis (black). 
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4.2.2.6 
94 
When all mini-orchards were connected, population fluctu-
ations were asynchronous between the different mini-orchards 
(Appendix I). This asynchrony might have been triggered by 
the various pesticide applications (sections 4.2.1.4 and 
4.2.2.6). The overall rrean density of T. urticae is com-
pared with that of the individual mini-orchards in Fig. 4.33 . 
During the period from Week 57-90, the mean population curve 
shows four low peaks. However, the T. urticae curve in most 
individual mini-orchards shows only two or three peaks, 
usually of a somewhat greater magnitude. Populations in 
mini-orchards situated on either side of the glasshouse 
were synchronous to a limited extent. 
Effect of pesticides and cultural practices 
Pesticides: The d_ifferent pesticides used here and their 
times of application are indicated in Fig. 4.34. 
The pesticides azinphos-methyl, bupirimate and captan, that 
were applied regularly (22 times in all), did not seem to have a direct 
impact on either T. urticae or T. occidentalis. After applications of 
these pesticides both species showed the characteristic oscillations of 
predator-prey interactions. 
Pirimicarb, a selective aphicide, was applied only when 
needed, sometimes in all mini-orchards, sometimes as a spot treatment . 
The first pirimicarb treatment (Week 7) was applied as a spray . Immedi -
ately, T. occidentalis numbers fell from a mean of 1. 13 mites/leaf (all 
stages) before the spray, to 0.06 mites/leaf after the spray. Another 
indication of the effect on T. occidentalis was the change i n predator-
prey ratio, which increased from 36 before the spray, to 2875 after the 
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spray. In an undisturbed population an increase in the number of 
predators could have been expected as a response to the increasing 
numbers of T. urticae. However, the population of T. occidentaZis 
stayed low for some weeks, and T. urticae was able to develop into 
peak AB (see Fig. 4.34). 
The second pirimicarb treatment (Week 32) was applied as 
a rootdrench, when population peak CD had already begun to develop. 
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No immediate effect on T. occidentalis such as in Week 8 could be 
detected. However, T. occidentaZis proved unable to contain T. urticae 
and a high peak (CD) developed. 
The third pirimicarb application (Week 38) was a spot 
treatrrent (rootdrench) for a small aphid infestation in Mini-orchard 
6 only. At that time population levels of both T. urticae and T. 
occidentaZis in Mini-orchard 6 were very low (respectively 0.04 and 
0.21 mites/leaf, all stages). The T. urticae population then increased 
greatly while T. occidentaZis was not found in Mini-orchard 6 for six 
weeks, and T. urticae was able to build up to peak DE. T. urticae 
then apparently spilled over to the other mini-orchards. Although 
T. occidentaZis was present in these mini-orchards, it was not able to 
contain the large influx of T. urticae below damaging levels. 
The next pirimicarb rootdrench (Week 47) was applied to 
Mini-orchards 3 and 5 only. However, due to the previous pirimicarb 
application, T. urticae had already increased in these mini-orchards 
to levels that were beyond control and an effect on T. occidentaZis 
could not be indicated. 
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The pirimicarb rootdrenches in Weeks 66 and 91 were made 
at a reduced rate (see Appendix H) 1n all mini-orchards. In Week 66, 
populations of both T. urticae and T. occidentalis were building up 
towards peak FG. The chemical did not seem to disrupt T. occidentalis 
and a low peak (T. urticae, 11.24 mites/leaf; T. occidentalis, 0.83 
mites/leaf) was reached two weeks afterwards. 
At the time of the pirimicarb rootdrench in Week 91, both 
T. urticae and T. occidentalis were at low population levels (0.57 and 
0.25 mites/leaf). During the following weeks T. occidentalis levels 
decreased further in most mini-orchards, while T. urticae levels went 
up. 
A peak with similar magnitude as that of peak DE might have 
developed, but two cyhexatin sprays during Weeks 95 and 96, intended to 
eliminate B. obovatus and the OP resistant T. occidentalis, prevented 
such an outbreak. The sprays caused an immediate decline in all species 
(see Fig. 4.35 for B. obovatus), and no mites could be found for four 
weeks. 
Cultural practices: The times of pruning indicated in 
Fig. 4.34 could not be shown to have a direct influence on the popula-
tion levels of either T. urticae or T. occidentalis . Similarly, the 
applications of fertilisers did not appear to have an effect on the 
course of population fluctuations. 
4.2.2.7 Presence of other mite species 
The presence of Brevipalpus obovatus was first noted 1n 
Week 67. The weekly percentage of sample leaves that carried B. obovatus 
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during period EJ is represented in Fig. 4.35. The percentage of leaves 
with B. obovatus increased from around 1% to more than 50% over 27 weeks . 
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Figure 4.35 Infestation of Brevipalpus obovatus~ over all m1n1-
orchards, in relation to population trends of T. urticae 
and OP resistant T. occidentali s. 
4.2.2.8 Aerial dispersa l 
Observations on sticky traps confirmed that the mites di s -
persed aerially. In Week 86, two of the traps caught a tota 1 of 2 T. 
urticae and 1 T. occidentali s. In Week 87, three traps caught a total 
of 3 T. urticae and 4 B. obovatus . During these weeks the sample counts 
of T. urticae were 7.3 and 10.7 mites/leaf, while T. occidentalis 
reached 0.48 and 0.65 mites/leaf. 
4.2.3 Results of Mini-orchard Studies with the SP Resistant 
T. occidentalis. 
4.2.3. l IJescription of population trends 
l 01 
The performance of the SP resistant strain of T. occidentalis 
see (Chapter 3) ,n the mini-orchards (all connected) infested with T. 
urticae was tested over a 30 week period (Fig. 4.36). · During this time 
there were two distinct population oscillations in which the predator 
time-lag was about one week. There was a general synchrony between mini -
orchards, and the two oscillations each lasted about 12-13 weeks. This 
is a period similar to the one observed for the four oscillations during 
Weeks 1-52, with the OP resistant strain of T. occident alis. 
The first peak (KL) reached a mean of 7.42 mites/leaf (all 
stages) for T. urticae, while T. occidentalis reached a mean of 0.70 
mites/leaf two weeks later. The second peak (LM) was much higher, reach-
ing 143.56 mites/leaf for T. urticae and 1.03 mites/leaf for T. occidentalis . 
4.2.3.2 Prey-predator ratios 
Ratios of prey to predator for this sampling period are gi ven 
in Table 4.4. During Weeks 104-117, the ratio fluctuated between 1. 0 
and 32.6, however it jumped to 386 in Week 118 and stayed above 100 
until Week 126, after which it was reduced to levels fluctuat i ng between 
2. 8 and 61 . 4. 
4.2.3.3 Weighted age classes for T. urticae and T. occidentalis 
The mean weighted age classes (WAC) (all mini-orchards ) for 
T. urticae and SP resistant T. occidentalis are given in Fi g. 4.36. 
The WAC values for T. urticae fluctuated around l .5, but reached a high 
value of 1.92 in Week 129. The WAC values for T. occidentalis were 
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Figure 4. 36 Mean population trends in all mini-orchards for 
T. urticae and SP resistant T. occidentalis, weighted 
age class values and mini-orchard treatments during 
Weeks 104-133. 
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Table 4.4 Ratios of prey-predator means in Mini-orchards 1-6 
during Weeks 104-133. 
Week No. p-p ratio Week No . p-p ratio 
104 44. 1 119 a 
105 1 . 0 120 ns 
106 4.9 121 796. 1 
107 3. 1 122 . 182 . 8 
108 7.6 123 147. 7 
109 17.5 124 129 . 3 
110 20.9 125 ns 
111 3.5 126 61 . 4 
112 3.4 127 14.7 
113 9.4 128 13 . 5 
114 9.0 129 8. 8 
115 13.7 130 2.8 
116 ns 131 18.8 
117 32.6 132 8. 1 
118 386 133 34.9 
ns - no sample. aThe sample of Week 119 did not contain any predators. 
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usually around 2, although two peaks of 2.6 and 2.76 occurred in Weeks 
109 and 117. 
4. ·2. 3. 4 Effect of pesticides and cultural practices 
Pesticides: Pesticides and their application times are 
indicated by arrows in Fig. 4.36. The regular applications of azinphos-
methyl, bupirimate and captan did not seem to influence population 
events during Weeks 104-133. 
The first and third bioresmethrin sprays which were applied 
respectively at peak KL and after peak LM, did not seem to affect the 
populations of T. occidentalis and T. urticae. However, the second bio-
resmethrin spray applied after the decline of peak KL, when population 
densities were very low, was detri~ntal to T. occidentalis~ but T. 
urticae was unaffected and its numbers increased to a high peak (LM). 
Cultural practices: The fertiliser applications (not indi-
cated) and prunings indicated by* in Fig. 4.36 did not affect the 
populations of T. urticae or T. occidentalis (SP resistant). 
4.2.4 Discussion Predator-Prey Interactions on Mini-orchards 
4.2.4.1 Sampling 
The sampling method had to strike a balance between the aim 
of sampling, the size and growth of the plants, and the dispersion of 
the mites on the plants. The random selection of leaves from the middle 
section of the plants gave a good relative population estimate over time 
and space. The standard errors were not excessive and became proportion-
ately smaller when means became larger. This pattenican be considered 
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common for insects and mites (eg Evans 1972; Readshaw 1975; Takafuji 
1980). 
4.2.4.2 Dispersion statistics 
Taylor et al. (1978) criticized the use of the negative 
bionomial distribution for the study of dispersion, and indicated that 
the power law (Taylor 1961) was the more satisfactory model. Taylor 
et al . (1979) also proved that the factor k of the negative bionomial 
distribution is not constant for different densities within the same 
species as is often assumed. They concluded that the study of aggrega-
tion should only be based upon real data. 
In the present study, aggregation was studied using both 
the factor b of the power law and Morisita's Index of Dispersion, I0 . 
Both methods depend upon determining the ratio between mean and variance. 
In each case it was found that T. urticae and T. occidentali s follow an 
aggregated dispersion pattern (b values were 1.64 and 1.43 respectively ; 
I0 values were usually greater than 2, see Table 4. l). 
Aggregation is the dispersion statistic most commonly com-
puted for tetranychid and phytoseiid mites. Croft et al . (1976b); 
Mowery et al . (1980) and Taylor (1961) described aggregati on i n popu l a-
tions of Panonychus ulmi. Aggregation in T. ur ticae was observed by 
Nelson & Stafford (1972), and in Tetranychus mcdanieli McGregor by 
Tanigoshi et al . (1975) . Aggregated dispersion was reported in phytoseiid 
mites by Johnson and Croft (1981) who worked on Arriblyseius fallacis and 
by Takafuji (1980) who studied Phytoseius nipponicus Ehara. 
Nachman (1981) found that his pooled data for T. urticae 
and P. persimilis, from three separate glasshouses, obeyed the power 
law. He calculated the following aggregation indices: T. urtiaae~ 
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b = 1.94; P. persimilis~ b = 1.90. In the present study b = 1.64 for 
T. urtiaae and b = 1.43 for T. oaaidentalis. The difference in the b 
values for T. u:rtiaae in the two studies may well have been caused by 
the use of different host plants (.cucumber vs apple), different environ ~ 
mental conditions, and/or different sampling techniques. Although 
these factors would also influence T. occidentalis~ it is not surpris-
ing that the value of b calculated for this species, differs from that 
of P. persimilis. It is known that these two predator species differ 
1n many ways (Laing and Huffaker 1969} and it seems that this difference 
is also reflected in their dispersion statistics (see above). 
Morisita's Index of Dispersion, I0 , which was used to com-
pare aggregation of both mite species within two separate mini-orchards 
(1 and 4), mostly indicated aggregation, although there were a few 
instances of randomness in the distribution of T. occidentalis~ especi-
ally when T. urticae numbers were low. This may be attributed to the 
more active dispersal of T. oaaidentalis (see Table 4. 1). I0 values 
for T. urtiaae and T. oacidentalis roughly followed similar trends in 
both mini-orchards (Table 4.1) but it was impossible to detect a pattern 
or consistent difference between the indices for connected or unconnected 
mini -orchards. 
4.2.4.3 Prey-predator ratios 
It appears that the prey-predator ratios (p-p ratios) 
measured in this study (see Table 4.2) can be used as an indication of 
the point at which T. urtiaae cannot be controlled by the OP resistant 
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T. occidentalis. For instance, when the ratio reached a value higher 
than ca 65, populations of T. urticae reach levels above 100 mites/leaf, 
this is when bronzing occurs on apple, Readshaw (1975). Low values of 
the ratio, probably< 1 also seemed dangerous, especially when pesticides 
such as pirimicarb were used. When the ratio is very low, there are 
relatively more T. occidentalis than T. urticae. In such a situation 
most of the T. occidentalis are weakened by hunger, and therefore they 
may be more susceptible to pesticides. 
The first high p-p ratio (2875.7) occurred in Week 8. 
T. urticae reached then such high numbers that it exhausted its food 
supply. T. occidentalis stayed at a low population level and contri-
buted little to the decline of T. urticae. In Week 31, a p-p ratio of 
71 was recorded. It is possible that this could have caused a high 
population peak. However, the pirimicarb application in Week 32 might 
also have contributed to the ineffectiveness of the predators. The 
next high peak was triggered in Week 38 by a spot treatment of pirimicarb 
on Mini-orchard 6, at the time of a very low p-p ratio. The T. urticae 
population explosion in Mini-orchard 6 was enormous and must have 'spilled 
over' to the other mini-orchards where T. urticae subsequently became 
very abundant. A similar situation was observed with a pirimicarb appli-
-
cation during Week 91, when the p-p ratio was very low (3.3). The p-p 
ratio went up to 167.3 in Week 94, and another giant peak would have 
developed if cyhexatin had not been applied in Weeks 95 and 96. 
The use of prey-predator ratios as an indicator of the point 
at which T. urticae cannot be controlled by the predator, is also possible 
with the SP resistant T. occidentalis (see Table 4.4). The p-p ratio in 
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Week 117 was 32. After the second bioreslll:thrin application the ratio 
jumped to 386 in Week 118, indicating drastically reduced T. occidentalis 
populations that were unable to control the T. urticae population (peak 
LM in Fig. 4.36). 
4.2.4.4 Weighted age classes 
The consistently higher weighted age class (WAC) values for -
T. occidentalis (see Figs 4.6 and 4.36) indicate that the predators have 
a different reproductive strategy than their prey, T. urticae. 
T. occidentalis is characterised by a longer life span, while T. urticae 
has a higher rate of reproduction. T. occidentalis has to cope with 
great variations in the availability of its food supply, while T. urticae 
can usually depend on a relatively steady food supply (i.e. apple plants). 
In times of low food supply for T. occidentalis - for instance after a 
decline in the numbers of T. urticae - reproduction ceases. This is 
indicated by the high WAC values (equal to or approaching 3). The 
T. occidentalis population then consists almost entirely of adult females. 
Blommers and Van Arendonk (1979) offered a similar explanation for the 
reproductive strategy of Amblyseius bibens BlomlTl:rs. As soon as the 
T. urticae population increases again, T. occidentalis starts laying 
eggs and consequently, the WAC value declines to its usual level, around 
2. During the decline of a population peak, the relative proportion of 
T. urticae adults increases because relatively more eggs and immatures 
are eaten. The higher proportion of adults then produces a new birth 
surge, which 1s the cause for the fluctuations in WAC values until the 
usual value, around 1.5, is reached again. These findings are similar 
to those of Carey (1982) who studied T. urticae on detached cotton 
leaves. 
109 
Interpretation of mean WAC values is easier when population 
fluctuations in all mini-orchards are synchronous. However, WAC values 
were difficult to interpret, and therefore of limited use, when the 
populations in the different mini-orchards oscillated asynchronously. 
4.2.4.5 Spatial heterogeneity 
The dispersal of T. occidentalis is closely tied in with 
that of T. urticae. However, in connected mini-orchards T. occidentalis 
was able to move around more easily and thus to find T. urticae infesta-
tions faster than in unconnected mini-orchards. 
The dispersal rates of T. urticae itself do not differ much 
1n connected and unconnected mini-orchards, but in unconnected mini-
orchards, populations of T. urticae are generally larger because the 
predators take longer to find T. urticae infestations. There seerred to 
be a high rate of dispersal from these large T. urticae populations to 
adjoining mini-orchards. Thus, the dispersal of these populations seemed 
to play an important role in the synchronisation of population fluctuations 
1n all mini-orchards. 
During the tirre that the populations were increasing, 
T. urticae infestations moved through all mini-orchards in a wave-like 
fashion, starting from the point of earliest infestation. The predators 
always followed within one or two weeks in the connected mini-orchards, 
but took much longer in unconnected mini-orchards. 
Predators could also have had a synchronising effect, but 
only after the giant T. urticae peaks, when predator numbers were very 
high and enormous numbers of predators moved about in search for food. 
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T. urticae infestations seemed independent of each other in 
the last 47 weeks of the mini-orchard study with the OP resistant 
T. occidentalis. There was no synchrony of population surges because 
of low prey densities. T. occidentalis was able to find and eliminate 
T. urticae infestations more easily because 
connected. 
4.2.4.6 Pesticides 
all mini-orchards were 
The pesticides used routinely in the mini-orchards (azinphos -
methyl, bupirimate and captan) were known to have no ill-effect on the 
OP resistant predators from laboratory and field tests (Readshaw, 
unpublished). 
Readshaw (unpublished) also judged pirimicarb, used in 
orchards for aphid control, similarly harmless. However, in the present 
experiments a severe decline in predator numbers after the first pirimi-
carb spray raised doubts about that. Further applications of this 
systemic chemical, made as a rootdrench, were less harmful to the preda-
tors (Weeks 32 and 47). However, even the rootdrench seemed harmful 
when it was applied at very low predator population levels (Week 38, 
Mini-orchard 6 only).. The pirimicarb treatments in Weeks 38 and 47 -
spot treatments in Mini-orchard 6 and Mini-orchards 3 and 5 respectively -
triggered asynchrony of the population fluctuations during Weeks 52-96 
(see Appendix H). Two further rootdrench applications, at a reduced 
rate (Appendix H), seemed less harmful. The first one, applied in Week 
66, was not followed by a major T. urticae outbreak. The second one, 
however, applied in Week 91, could have been one of the contributing 
factors for the potential T. urticae outbreak (IJ), because it was 
applied at low densities of T. occidentalis . 
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It thus seems that both rates of pirimicarb application can 
have a detrimental effect on the predators. Rootdrench applications 
seem less harmful than foliar sprays and with lower application rates 
this harm 1s even further reduced. However, a low rate of application 
at times when T. occidentalis numbers are extremely low, still has the 
potential of inducing T. urticae outbreaks. 
The cyhexatin sprays during Weeks 95 and 96 successfully 
eliminated B. obovatus~ OP resistant T. occidentalis and T. urticae. 
After the SP resistant strain of T. occidentalis had been 
introduced, routine pesticide applications did not seem to cause any 
disturbances in the predator population. This is a further confirmation 
of the findings in Chapter 3, that the SP resistance of T. occidentalis 
was additional to the OP resistance already present in the strain. 
In principle the SP resistant strain of T. occidentalis was 
able to control T. urticae. Carefully timed applications of bioresmethrin 
can be tolerated by the predators, but caution must be exercised because 
the resistance has not yet reached its full potential. The predators 
can still be affected by applications of bioresmethrin when their numbers 
are extremely low. The bioresmethrin application in Week 117 for example, 
showed such an effect on the predators, causing T. urticae to reach 
damaging (> 100 mites/leaf) levels. On the other hand, the first and 
third bioresmethrin applications (Weeks 110 and 127) did not seem harm-
ful to the predators. 
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4.2.4.7 Cultu.ral practices 
Regular fertiliser applications and prunings of the mini-
orchards were not found to have an effect on T. u.rticae or T. occidentalis 
populations. 
Concern about effects of fertilisers may be lessened by the 
findings of Hamai and Huffaker (1978). These authors found that T. urticae 
populations on strawberry plants with either high or low levels of nitro-
gen fertilisation were controlled equally well by T. occidentalis. 
If the regular prunings of the mini-orchards affected the 
population processes, a periodicity coinciding with the prunings would 
have occurred in the mite populations, but that was not observed. 
4.2.4.8 AltePnate prey species 
The slow build-up of the only alternate prey species, 
B. obovatus~ was similar to that reported by Takafuji (1980) for the 
same species, and for B. phoenicis as observed by Oomen (1982). This 
slow population build-up made a judgement of possible effects on the 
numbers of T. u.rticae or T. occidentalis extremely difficult. However, 
the fact that T. occidentalis remained capable of containing T. urticae 
initially precludes such an effect until Week 90. After Week 91, 
B. obovatus may have caused a disturbance of T. occidentalis resulting 
1n higher T. u.rticae population levels, but such disturbance cannot be 
separated from the possible effect of the pirimicarb application in 
Week 91. 
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4.2.4.9 Aerial dispersal 
The fact that aerial dispersal was confirmed during Weeks 
86 and 87, when T. urticae and T. occidentalis populations were at a 
moderate level, suggests that aerial dispersal also took place when 
mite population levels were high, especially during high population 
peaks such as AB, CD and DE. From the present findings and those of 
Field (1981) and Hoy (1982}, whom reported on aerial dispersal of a 
Californian strain of T. occidentalis, respectively under laboratory 
and orchard conditions, it may be concluded that aerial dispersal is 
important for the dispersal of T. occidentalis. In the present study, 
when large populations of T. urticae and T. occidentalis were present 
in the mini-orchards, aerial dispersal must have played an important 
role in the synchronisation of the mite populations. 
4.2.4. 10 Resilience and stahility 
The influence of the effective environment on the capacity 
of T. occidentalis to control its prey, T. urticae~ is illustrated in 
Fig. 4.37~ which gives population curves fitted by cubic spline (Appendix 
M). There was a striking difference between the first and second half 
of the mini-orchard study with the OP resistant T. occidentalis. 
The predator-prey system had a high resilience (capacity 
to return to basic population levels); T. occidentalis did not, at 
any stage, eliminate all its prey. Therefore it was not threatened by 
elimination itself. Consequently, there was no need to reintroduce 
T. occidentalis during the 96-week study period, i.e. the system was 
self-perpetuating. Because of its high resilience, the system is now 
part of many deciduous fruit pest control schemes in Western USA and 
Australia (eg Hoyt 1969; Field 1978). The persistence (resilience) of 
the system, despite disturbing influences during the present study, 
confirmed the usefulness of T. occidentalis in orchard pest control. 
The stability of the predator-prey system differed 
greatly between the first and second part of the mini-orchard study 
with OP resistant T. occidentalis. The three very large peaks of 
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T. urticae during the first 52 weeks of the study indicated severe 
problems for T. occidentalis in the containment of T. urticae. In con-
trast, the last 44 weeks did not show such large peaks. 
The three large T. urticae peaks were caused by perturba-
tions external to T. occidentalis and did not indicate that the predator 
was intrinsically unable to control T. urticae. In commercial orchards 
such high levels of T. urticae would not have been acceptable because 
of the risk of defoliation involved. Corrective action would have been 
undertaken to redress the balance between prey and predator. 
The two factors that contributed most to impeding the 
predators' action were: 
(i) Pirimicarb applications 
(ii) Impaired dispersal of predators in the 
unconnected mini-orchards . 
Pirimicarb applications were clearly indicated as a cause 
for decline of predators during peaks AB and DE. During peak CD T. 
urticae had already developed to uncontrollable levels (high p-p ratio ) 
when pirimicarb was applied; the application may have further decreased 
predator efficiency. Outbreaks of T. urticae usually started 1n 
unconnected mini-orchards, often after pirimicarb applications. T. urticae 
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of T. urticae and OP resistant T. occidentalis (curves fitted by 
cubic spline functions, see Appendix M). 
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and T. occidentalis population levels were generally higher in 
unconnected mini-orchards. This is attributaole to lower predator 
mobility resulting in a reduced control capacity. In connected mini-
orchards the predators were able to disperse more successfully so 
that prey was found more quickly and contained at lower levels. 
Stability was much greater during the last 44 weeks of 
this mini-orchard study. High peaks of T. urticae and T. occidentalis 
never occurred. At least four factors contributed to that: 
(a) The spatial connections between plants in all 
mini-orchards 
(b) Reduction of the application rate of pi ri mi carb 
(c) Presence of alternate prey, B. obovatus 
(d) Asynchrony of population fluctuations. 
The dowel rod connections, now provided in all mini-orchards, 
allowed for more successful dispersal of T. occidentalis, so that the 
predator was better able to control T. urticae throughout. 
The lower application rates of pirimicarb were thought to 
have been less detrimental to T. occidentalis. In addition, there 
were only two aphid infestations, compared to four during the first 52 
weeks. 
The presence of the alternate prey species, B. obovatus, 
might have provided additional stability to the system. The effect of 
B. obovatus, did not seem to be a major one however, because general 
population trends 1n period EG, when B. obovatus was virtually absent, 
were very similar to the trends in period GJ when species became 
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increasingly abundant. B. obovatus might be eaten by T. occidentalis 
when T. urticae numbers are low, but T. occidentalis was not able to 
control B. obovatus in the present system. Instead, B. obovatus might 
have helped to maintain T. occidentalis at a higher level when T. u.rticae 
populations were small. T. occidentalis could then quickly control ris-
ing T. urticae populations. However, a possible disturbance of 
T. occidentcilisby B. obovatus during peak IJ cannot be separated from 
the effect of the pirimicarb application. 
The asynchrony of population fluctuations in the different 
mini-orchards resulted in a flattening of the mean population curves. 
The 8-9 week period between peaks in the mean population curve is arti-
ficial. Re-examination of the individual mini-orchard population curves 
(Fig. 4.33) showed that the population peaks in them are 12-14 weeks 
apart, as in the first part of this mini-orchard study. 
Resilience and stability could be similarly observed during 
the mini-orchard study with the SP resistant T. occidentalis. However, 
there were no pirimicarb applications and there was no variation in the 
spatial heterogeneity of the mini-orchards. Resilience of the system 
was again good and the system was self-perpetuating. Stability of the 
predator-prey relationship depended on the timing of the bioresmethrin 
applications. The impact of bioresmethrin was similar to that of piri-
micarb. When bioresmethrin · was applied when predators were abundant 
(Weeks 110 and 127), the chemical did not influence the predator-prey 
system, and the interaction remained stable. When the chemical was 
applied when predators were scarce (Week 117), T. occidentalis numbers 
vJere further reduced and T. u.rticae reached damaging levels, a sign of 
instability. 
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Laboratory studies of acarine predator-prey interactions have 
generally supported the notion that stability increases when spatial 
heterogeneity increases (Stenseth 1980). 
The best known acarine predator-prey studies are those of 
Huffaker et al. (1963) who used the saJTE predator species as the present 
study but a different prey species. Their experirrental systems ranged 
from very simple to complex (see Chapter 2). The most complex system 
had a high resilience (persistence). On the other hand the population 
interactions were quite unstable (large population fluctuations). 
Takafuji (1977) studied P. persirrrilis in laboratory systems with differ-
ent degrees of spatial heterogeneity. He impeded predator movement by 
placing plants at a greater distance from each other. Predator dispersal 
was enhanced by the provision of plywood bridges between plants. Takafuji 
(1977) concluded that a more complex system, that is one where the preda-
tor disperses less successfully, would provide a more stable interaction. 
The experirrental systems of both Huffaker et al. (1963) and Takafuji (1977 ) 
featured a higher resilience when spatial heterogeneity was increased. 
Stability in both these systems was low because large population fluctu-
ations occurred. 
A comparison of the population curves given by Nachman (1981, 
p 439) and Markkula et al . (1972, p 75) shows striking differences in 
stability between these two glasshouse studies, in which the same crops, 
prey and predator species were used. Nachman's (1981) system was resil i-
ent but fairly unstable. Markkula et al's (1972) system was resilient 
and very stable (no high population peaks). The greater stability in 
Markkula's (1972) system was achieved by manual redistribution of predators 
to areas of new T. ur ticae infestations. 
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Both Markkula's (1972) and the present mini-orchard system 
provide a more realistic picture of predator-prey interactions than the 
above mentioned 1 aboratory sys terns. In addition, the influence of 
pesticides was studied in the present system. When these more realistic 
systems are studied, the general notion that greater stability can be 
achieved by incr~asing the difficulty for the predator (heterogeneity) 
to find its prey, cannot be supported. 
The successful dispersal which leads to adequate control 
1n realistic systems can only be achieved by facilitating predator 
movement. Facilitation in Markkula et al. 's (1972) study was achieved 
through redistribution by man, while in the present study the predator 
redistributed itself by means of the dowel rod connections between the 
p 1 an ts. 
4.3 TIME SERIES ANALYSIS 
4. 3. l Introduction 
Time series analysis was used as an addition~ tool for data 
analysis. A software package for time series analysis called CAPTAIN1 
is available on the CSIRONET (Freeman 1981). CAPTAIN was developed by 
Shel lswell and Young (1973). Its main function is to determine the 
relationship between pairs _of time series data, but it can also analyse 
the statistical structure of a single tirre series. The structure of the 
package is outlined in Appendix N. 
The analysis was carried out with Dr A.J. Jakeman, Centre for 
Resources and Environmental studies at the Australian National University . 
1 A Computer Aided Program for Time-series Analysis and the Identification 
of Noisy systems. 
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4.3.2 Analysis 
Before analysis, the package prepared the series of input 
(T. urticae) and output (T. occident alis) weekly observations by first 
taking the natural logarithms and then subtracting the mean value of 
each series from each data point. The input series was also lagged 
one week to account for the minimum tirre-delay that T. occidental is 
takes to react to the changes in numbers of T. urticae. Calling uk and · 
Yk the transformed input and output at time step k, respectively, the 
model obtained was of the form: 
A ,.._ 
where xk 1s the model output at time k. 
The values and standard errors of a1 and b0 were: 
a1 = -0.4374 + 10-6 
b0 = 0.3062 ± 0.14 
The time constant for this system must include the one week delay initi -
ally enforced on the input series. It is approximately 1 - 1/ln ( .4374) =2.21 
weeks. Broadly, it is the time needed for T. occidentalis to decline 
significantly in numbers after an input pulse of prey. 
The degree of explanation of this model can be seen in 
Fig. 4.38. The model output series, xk (graphed as -- ) fol lows a 
similar pattern of fluctuations as the T. occidentalis observations , 
Yk ( graphed as + + + + ) . The difference between the mode 1 and the 
observations is given by, 
~k = Yk - xk (graphed as---- ) 
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The fit of the model to the observations (R2 = 0.67) is only 
sufficient to describe the relationship between T. occidentalis and 
T. urticae in broad terms. In fact, the error series shows a seasonality 
similar to the model output. This indicates that the model failed to 
pick up certain characteristics in the output data. It can be con-
c_l uded from this, that the linear model form is not appropriate to this 
system and/or one or more significant causal inputs are not being con- · 
s i de red in this model . 
One such input that could improve the modeling performance is 
the application of pirimicarb discussed in Section 4.1.4.6. The arrows 
marked Pin Fig. 4.38 represent the timing of these applications. An 
attempt was made to include these applications as an additional input 
to the model, but the amount of data (52 points) was not sufficient to 
support the identification of this more complex system. Additional 
inputs require the estimation of additional model parameters and when the 
input-output data base is small enough, there may be a multiplicity of 
values for each parameter which, when operated on the inputs, help 
explain the output data. In the present analysis, this ambiguity of 
model definition did not allow the identification of a statistically 
satisfactory model. The parameter estimates never settled down to 
constant unambiguous values. 
The inadequacy of the simple linear single input-single output 
time series model can be further demonstrated by the application of 
the time-varying facility in CAPTAIN. In allowing the b0 parameter to 
vary to increase the model explanation of the data, the pattern in the 
lower part of Fig. 4.37 (b 0 parameter) is obtained. Again the three 
maJor rises in the value of b0 coincide with the application of P. It 
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1s therefore highly likely that incorporation of the P applications 
as an additional input will yield a more satisfactory model. However, 
this cannot be verified without the acquisition of more input-output 
data. 
4.3.3 Time Series Analysis Compared to Other Methods of Numerical 
Analysis 
The different numerical analysis used in this chapter have 
certain advantages and disadvantages. Comparatively, plotting of geo-
metric rreans (.means of logarithms) was one of the most useful rrethods 
for the present study (see Fig. 4.3). It expresses differences on a 
small scale. It also gives a good indication of large differences, 
which are missed when the logarithm of the mean is taken (see Fig. 4.32). 
Spline functions (Appendix M) were most useful for the study 
of stability and resilience (see Fig. 4.37). The computer program 
used here can provide the slope of the curve between points as additional 
information. These slope values could be valuable when exact and objective 
information is needed on population curves. 
Time series analysis 1s a good analytical tool. It aids in 
determination of inadequacies 1n basic model structures and the data 
by the suggestion of alternative models. The utility of time series 
analysis for this data set was that it extracted the basic dynamics 
from the predator-prey data. It also indicated that comprehensive 
modelling exercises should not be attempted without a significant 
information (input-output) base. In fact, it emphasised the importance 
of the simpler analytical procedures mentioned above. 
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CHAPTER V 
CONCLUSION 
5. l CONCLUDING REMARKS REGARDING LIFE SYSTEM OF T. OCCIDENTALIS 
A systematic procedure which provided guidance for the manage-
ment of pests was proposed by Clark (1970). He suggested that three 
steps (see Chapter 2) were necessary to cope with pest problems and they 
were based on the 'life system' concept, that he and coworkers had des-
cribed earlier (Clark et al. 1967). These procedures were later elabor-
ated by Geier et al. (1983) into a framework where pest management 
fulfils an ancillary role in the prod~ction system (see also Geier and 
Clark 1978/79). 
The use of the life system concept was extensively tested with 
the light brown apple moth, Epiphyas postvittana (Walker) by Geier (l98lb J. 
Geier showed that the life system approach could offer a strategy for 
ecological research as well as a general scheme for practical applications . 
The study described in this thesis broadly followed Clark's 
(1970) outline. Several of the parameters of the life system of T. 
occidenta l is were investigated, and some of the factors that influence 
the abundance of T. occidentali s were identified. The life system was 
analysed by interpreting the population data ( 'observable events', 
Geier 1981b, p 50). It appeared that inimical factors in the effective 
environment - especially the applications of pirimicarb for the first 
mini-orchard study and bioresmethrin applications for the second mini-
orchard study - were main causes of decline in T. occidentalis populations, 
and allowed build-up of damaging T. urticae populations. 
l 
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Spatial heterogeneity was a factor of the effective environ-
ment that influenced the dispersal ability of T. occidentaZis. The 
lesser ability of T. occidentaZis to find its prey, T. urticae~ in 
unconnected mini-orchards enabled T. urticae to reach high numbers and 
then disperse to adjacent mini-orchards. 
Populations of both T. occidentaZis strains (OP and SP resist- · 
ant) were highly resilient; that is, they had a very high degree of 
persistence. The population stability, - the ability of a population 
to return to an equilibrium state - was, during the first mini-orchard 
studies, greatest after all mini-orc~ards were connected. Large popu-
lation fluctuations (instability) occurred during the remaining periods 
in both mini-orchard studies. In those cases, the pesticidal and 
spatial effects which depressed populations of T. occidentaZis caused 
corresponding large increases in T. urticae populations. 
The feasibility of modifying the life system by altering the 
effective environment (pesticides, spatial heterogeneity) and the 
inherited properties of the subject species (SP and OP resistance) was 
also investigated. Reduction of pirimicarb application rates and 
facilitating predator dispersal by connecting all mini-orchards were 
of benefit to T. occidentaZis populations. The inheritable character-
istics of the subject species were modified by laboratory selection 
for · SP resistance, superimposed on its resistance, already acquired in 
the field, to OP. This modified strain of T. occidentaZis was also 
able to control T. urticae populations satisfactorily. This suggests 
that it may be possible to use this approach to cope with anticipated 
future change? in the effective environment - that is, for example, 
applications of synthetic pyrethroids for orchard pest control. The 
selection techniques may also be used for other inimicals. 
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5.2 IMPLICATIONS FOR PEST MANA(JEMENT 
The results of the mini-orchard studies indicate that pesticides, 
even though they are labelled 'selective', can have undesirable side 
effects upon beneficial arthropods. This emphasises the need for stan-
dardised pesticide testing methods for beneficial arthropods (Franz 1977; 
Hassan 1982). Such testing methods, and the establishment of ratings of 
usefulness for chemicals in pest management, as proposed by Metcalf (1975) , 
can pave the way for official acknowledgement of the 'selective' quality 
of the pesticide by registration authorities and manufacturers. 
Spatial arrangement of the apple plants in the mini-orchards 
proved very important for the successful dispersal of T. occidentaZis. 
In the commercial apple ecosystem, spatial arrangement may also be 
important for within and between tree dispersal of T. occidentaZis. 
T. occidentaZis could probably disperse more successfully in trellised 
or 'central leader' orchards than in conventional 'unconnected' orchards. 
In brief, the mini-orchard studies have indicated that spider 
mite management with predators can result in a persistent and stable 
predator prey interaction in an orchard environment with improved spatial 
arrangement and careful timing and selection of pesticide applications . 
Successful laboratory selection for SP resistance reconfirmed genetic 
improvement of beneficial arthropods as a tactic in pest management. If 
new orchard pesticides are to be released that are harmful to major 
predator species, these predators could first be genetically improved 
by selection before registration of the new chemical. 
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5. 3 FUTURE RESEARCH NEEDS 
The life system of T. occidentaZis should be investigated in 
the field situation to establish which (or which other) of the presently 
determined factors influence the abundance of T. occidentaZis. Those 
studies could include further investigations into the pesticide suscept-
ibility of the species, as well as a continued selection progr~rnrre to 
obtain greater SP resistance. The genetics and mechanisms of resistance 
could be further studied so that inferences could be made about the 
acquisition and persistance of resistance. This should enable deliber-
ate choice in selection procedures so that a particular type of resist-
ance can be obtained. 
Feasibility of apple pest management, sensu Geier (1966), has 
been adequately demonstrated (see Huffaker 1980). However, general 
adoption of pest management techniques has been very slow (Bottrell 
1979; Gruys 1982). It is desirable that more effort be put into imple-
menting pest management systems in practical situations. It may be 
that this should have priority over the refinement of the theoretical 
approach to the apple orchard ecosystem. 
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APPENDIX A 
HISTORY AND CULTIVATION OF APPLE 
Wynne (1975) described the origin and history of the crop 
apple. The present day apple is a result of cross-breeding the Asian 
and European crab-apple, probably in ·the Causcasus. The Causasians 
took the apple with them as they dispersed throughout Europe. Wynne 
(1975) also mentions that fossil apple fruit found in Switzerland was 
much larger than present day wild crab apples. Marcus Portius Cato 
(200 BC) gave the first description of grafting and budding procedures, 
which have not changed much through the ages. Caius Plinius Secundus 
(77 AD) gave good descriptions of the apples of antiquity in his Historia 
Natu.ralis. After Roman times apple growing in Europe seems to have been 
ignored for several centuries and the art had to be relearned from the 
followers of Islam. However, in the late middle ages, its importance 
increased through use in cooking. By late 1500 works on horticulture 
mention techniques of grafting and cultivation. In the colonies apple 
growing was started mostly from seeds. In the USA, the first orchard 
was planted in 1625 near Boston. Cultivars and growing practices were 
continually improved until they reached present day standards. 
Apples can only be grown in areas where the total number of 
hours per year below 7°C is between 1000 and 1200. This ensures normal 
deve l oprnen t of buds. In Aus tra 1 i a, they are not produced north of the 
Granite Belt in southern Queensland (Lodger 1979). In New South Wales 
and Victoria they are grown along the dividing range, and in South 
Australia and Western Australia, in localities that can meet the require-
ment for chilling. Apple requires soil at least 50 cm deep with good 
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drainage. Cross-pollination between varieties is required because 
apple is virtually self sterile. Nutrient requirements vary according 
to soil type. Trickle irrigation is the most popular irrigation system 
for apple in Australia. It is quite common to grow sod between the 
rows of trees. The weeds or grass directly under the trees are removed 
with a suitable herbicide. 
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APPENDIX B 
CSIRO COMPOST S0IL1 
l m3 Recycled soil 
l m3 Vermiculite and river sand 
2 m3 Leaf mould and river loam 
4 bales Straw 
6 kg N.P.K. (15, 6.5, 5) 
2 kg Do 1 omi te 1 i me 
2 kg Carbonate 1 ime 
8 kg Blood and bone ferti 1 i ser (50% 
protein, crude fat 11. 5%, crude 
fibre 2%, salts 0.5%) 
1 M. Sanguinetti, personal communication. 
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APPENDIX C 
PESTICIDES1 
Azinphos-methyZ; a non-systemic insecticide of long persistence, 
chiefly against biting and sucking insect pests. Used on top fruit, 
vegetables, grapes, maize, cotton, citrus and ornamentals. The acute 
oral LO~ for rats is 16.4 mg/kg. Formulations include 200 g a.i ./1 
emulsifiable concentrate (e.c.); and 200, 250, 500 g a.i./kg wettable 
powder (w. p.). 
Bioresmethrin; a contact insecticide effective against a wide range of 
insects such as flies, mosquitoes, cockroaches and plant pests. It is 
fairly rapidly decomposed in sunlight. It is also used as a grain pro-
tectant. The acute oral LD5o for rats is 7070-8000 mg/kg. It is very 
toxic to honey bees. Formulations include aerosol concentrates l g 
a.i./1; ULV (ultra low volume) ready-to-use liquids 2.5 g/1, and emul-
sifiable concentrates. 
Bupirimate; a systemic fungicide, especially effective against powdery 
mildew of apple and greenhouse roses. The acute oral LD5o for rats is 
4000 mg/kg. Formulations include 25 g a.i./1 e.c. 
Captan; a fungicide to control diseases of many fruit, vegetable and 
ornamental crops. It is not phytotoxic, but should not be mixed with 
oi 1 sprays. The acute oral LD5o for rats is 9000 mg/kg. Formulations 
include 500 g a.i./kg w.p. and w.p. combined with other fungicides or 
insecticides. 
1 Pesticides used during this study. Data from: 1 The Pesticide Manual 1 , 
6th ed., British Crop Protection Council, 1979 (Ed. C.R. Worthing). 
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Cyhexatin; an acaricide effective by contact against the motile stages 
of a wide range of phytophagous mites. Cyhexatin is non-phytotoxic to 
decidous fruits. However, citrus, some greenhouse grown ornamentals and 
vegetables are susceptible to injury in the form of localised spots. 
The acute oral LD50 for rats is 540 mg/kg. It is almost non-hazardous 
to honeybees. Formulated as 250 and 500 g a.i./kg w.p. 
DDT; a contact and stomach insecticide of high persistence. It has 
little action on phytophagous mites, and is non-phytotoxic except to 
cucurbi ts and some barley varieties. The acute LD5o for rats is 113 
mg/kg. Formulations include: e.c., w.p., dusts and aerosol concentrates . 
Fenvalerate; a highly active contact insecticide, effective against a 
broad range of pests. It gives control of leaf- and fruit-eating 
insects on cotton, fruit, vines and vegetables. Its stability ensures 
good residual activity on treated plants. The acute oral LO~ is 300-
630 mg/kg. Formulations include 25-300 g a.i./1 e.c.; ULV concentrates 
and e.c. mixtures. 
Pirimicarb; a selective aphicide. It is fast acting and has fumigant 
and systemic properties. It has no acaricidal or fungicidal properties, 
and can be used in aphid pest management schemes. The acute oral LDso 
for rats is 147 mg/kg. Formula.tions include e.c. 80 g a.i./1, w.p. 
500 g/kg and aerosol concentrate. 
Permethrin; a contact insecticide that controls leaf- and fruit-eating 
Lepidoptera, Coleoptera and others. It has good residual activity on 
treated pl an ts. The acute oral LDso for rats varies from 430-4000 mg/kg. 
Formulations include e.c. 100-500 g a.i ./1, ULV concentrates and w.p. 
100-500 g/kg. 
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APPENDIX D 
PROBIT ANALYSIS 
A technique widely used for statistical analysis of quantal 
response data, such as toxicology tests, is probit analysis (Finney 
1971). Quantal response, i.e. all or nothing response (eg dead or 
not dead) is measured by bioassay - the measurement of potency of a 
stimulus by means of the reactions it produces in living matter. 
In toxicology the results of quantal response tests is usually 
an S-shaped or sigmoid curve, when the percentage killed is plotted 
against the dosage (here concentration). The sigmoid curve can be cor-
rected into a straight line when both x and y variables are transformed. 
The toxic effect is usually better related to . the logarithm of the con-
centration, than to the concentration itself. The percentage mortality 
is transformed into probits - short for probability units (Bliss 1935). 
The probit was derived from the Normal Equivalent Deviation (N.E.D.). 
This unit is based on the standard deviation of the normal curve of 
distribution. The mean of the standard deviations would be zero, so 
Bliss (1935) suggested adding 5, which made the mean 5 rather than zero. 
When calculations were done by hand or adding machine this helped greatly. 
Other possible transformations are logits and angle transformations, but 
Bus vine (1971, p 269) says: 1 It is perhaps unlikely that different 
conclusions from analysis of toxicological results will arise from using 
one rather than another'. In the present analyses probit transformations 
are used throughout~ and log concentration probit lines (lc-p) are 
calculated. The log-concentration-probit transformation can be done 1n 
several ways with a different degree of precision. They can be arith-
metical or graphical, computational with a calculator or with a computer. 
..... 
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Some important features of probit analysis (Finney 1971) are 
described below. The median effective dose is the dose that elicits 
response in 50% of the population. Sometimes it is called EDso or LD50 , 
or here LC~. The LCso can be estimated more accurately than the 
point of 100% or 0% kill . . It is considered to be the median of the 
tolerance distribution, but LCso alone does not describe fully the 
effect of the concentrations. One must also consider the lc-p line and · 
the ratio of LCso~. The slope of the line, b, is an estimate of 1/a, 
and is obtained as the increase in y when x increases one unit. The 
fit of data to the lc-p line can be tested with a x2 test. A signifi-
cantly large x2 may occur because in~ividual subjects do not react 
independently, the straight line does not represent the relationship of 
concentration versus probit. Large x2 must be treated with care. The 
data can be plotted on probability paper first to see if systematic 
deviation from linear regression exists, that indicates poor fit of the 
log concentration transformation. Relative potency, sorretimes called 
resistance ratio, resistance factor or relative resistance, is the ratio 
of comparison between log-concentration-mortality lines at equitoxic 
concentrations. In this study the term resistance ratio is used. 
The computer program Reldose (McIntyre and Ward 1970) was used 
for probit analysis. The program fits single probit lines or several 
sets of related data, while testing for parallelism and estimating dis-
placement. A line is fitted to each set of data. The trial probit 
line is then improved by iteration, after which the estimates of the 
constant, slope, median lethal dose and fiducial limits are printed. 
Next a composite analysis is made which uses a pooled sum of squares of 
dose and cross-products of dose to give a common slope. The fitting 
with common slope is then improved again by iteration. The analysis 
...... 
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finishes with tests of parallelism and displacement between the calcu-
lated lines. An example of the analysis lS printed below. 
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APPENDIX E 
PREDATION EXPERIMENT 
The ability of the Australian strain of T. occidentalis to 
suppress T. urticae populations was checked in a small-scale glasshouse 
experiment on french-bean plants. The plants were grown in 10 cm dia-
rreter pots and were kept in the two leaf stage. Temperature was main-
tained between 23 and 25°C. 
Two sets of 11 plants were infested with five adult female 
spider mites/leaf. After 13 days hal_f the plants received three adult 
female T. occidentalis per leaf. The two sets of plants were then kept 
separate under similar conditions. 
After 24 days, the mites and predators (_all stages) were 
counted on each leaf using a dissecting microscope (xl2). The results 
are presented in Table A. 
The age class percentages in the T. urticae population differed 
little from those reported by Carey (1982). This author found that a 
normally growing T. urticae population consisted of about 66 % eggs, 26 % 
immatures, and 8% adults, at stable age class distribution. The present 
population had not yet reached stable age class distribution, which may 
account for the difference with Carey's (1982) findings. 
When T. urticae was subject to predation by T. occidentalis, 
the percentages of eggs, immatures and adults were respectively 53.2, 
24.6 and 22.2. The more than two-fold increase in the adult stage 
Appendix E - Cont. 
indicated that the predator had eaten more eggs and immatures than 
adults. 
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The 67% reduction of T. urticae totals in the predation treat-
ment relative to unsprayed T. urticae~ indicates that T. occidentalis 
is in principle able to control T. urticae populations. 
TABLE A: 
( i ) 
No. 
% 
(ii ) 
No. 
% 
Eggs 
354. 1 
65.7 
Eggs 
93. 5 
53. 2 
Development of T. urticae populations with and without 
predation by T. occidentalis (mean/leaf). 
T. URTICAE on 1 y 
Imma-
tures Adults Total 
132.6 52.6 539.3 ± 52.9 
24.6 9.7 
T. URTICAE with 
Imma- Adults Total tures 
43.2 39. l 175. 8 ± 11 . 4 
24.6 22.2 
T. OCCIDENTALIS 
Eggs Imma- Adults tures 
6.4 5.6 14.4 
39 34 26 .8 
Total 
16.4 ± 2.6 
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APPENDIX F 
PRUNI NG DATES FOR MINI ORCHARDS 
Week No. Date 
3 17 March 1979 
9 22 Apri 1 1979 
15 3 June 1979 
20 6 July 1979 
27 26 August 1979 
32 1 Dctober 1979 
37 4 Noverrber 1979 
43 19 Decermer 1979 
52 17 February 1980 
60 14 April 1980 
69 14 June 1980 
79 25 August 1980 
83 19 October 1980 
89 30 November 1980 
100 19 January 1981 
108 15 March 19 81 
115 3 May 19 81 
123 19 June 19 81 
131 22 Au gust 1981 
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APPENDIX G 
INTRODUCTION OF AN ALTERNATIVE PREDATOR SPECIES 
In order to investigate competition of several prey and predator 
species, a second predator, Typhlodromu.s pyri Scheuten, was introduced 
during Weeks 54 and 55, with the aim of establishing it in the system and 
later possibly adding the European red mite, Panonychus ulrrri (Koch). 
Approximately 50 adult T. pyri females (spread over four plants) were 
added to each mini-orchard using a fine sable hair brush. Only a few 
T. pyri were found a few weeks after infestation, and establishment 
failed. Therefore, the introduction of P. ulrrri was not attempted. It 
seems likely that this strain of T. pyri failed to establish, because 
its preferred prey P. ulmi was not present in the mini-orchards. Lack 
of P. ulmi made reproduction of T. pyri impossible. 
self, did not support reproduction in this predator. 
T. urticae by it-
The low T. pyri 
numbers and the latter's failure to establish, suggest that this alternate 
predator exerted no significant influence on the system. 
Preliminary analysis of predator diets only achieved limited 
success. Microprecipitin tests detected differences between P. ulrrri and 
T. urticae. However, these tests were not sensitive enough to identify 
individual predator meals. Electrophoretic techniques (Murray and 
Solomon 1978) or refined serological methods (eg ELISA, Voller et al . 
1976) could possibly have been more successful. 
APPENDIX H 
PESTICIDE TREATMENT DATES FOR MINI-ORCHARDS 
Regular spray treatrrent: mixture of azinphos-methyl (0.05% a.i.), 
bupirimate (0.01% a.i.), captan (0.1% a.i.). 
Week No. 
4 
10 
14 
19 
21 
24 
27 
33 
37 
41 
43 
49 
53 
56 
60 
65 
69 
75 
79 
84 
87 
93 
100 
105 
108 
112 
115 
121 
127 
1 31 
Date 
19 March 1979 
27 Ap~i 1 1979 
25 May 1979 
29 June 1979 
9 July 1979 
5 August 1979 
28 August 1979 
3 October 1979 
6 November 1979 
30 November 1979 
19 December 1979 
25 January 1980 
22 February 1980 
14 March 1980 
15 April 19 80 
21 May 1980 
18 June 1980 
24 July 1980 
27 August 1980 
30 September 1980 
22 October 1980 
1 December 1980 
20 January 1981 
20 February 1981 
18 March 1981 
12 April 1981 
6 May 1981 
15 June 1981 
24 July 1981 
25 August 1981 
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Pirimicarb Treatments: 
Week No. 
7 
32 
38 
66 
91 
Date 
5 April 1979 
3 October 1979 
14 November 1979 
23 May 1980 
18 November 1980 
Rate a., . 
0.034% 
0.034% 
0.034% 
0.025% 
0.025% 
1 spot-treatment mini-orchard 6 only 
2 spot-treatment mini-orchards 3 and 5 
Cyhexatin sprays (0.01% a.i.) 
Week No. 
95 
96 
Bioresmethrin sprays (0.01% a.i.) 
Week No. 
110 
117 
127 
Date 
12 Decenber 1980 
19 December 1980 
Date 
l April 1981 
19 May 1981 
22 July 1981 
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Applied as 
spray 
rootdren ch 1 
rootdrench 2 
rootdrench 
rootdrench 
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APPENDIX J 
MICROFICHES 1-6 
Weekly 3-dimensional graphs of all sampling data 
(microfiches 1-6 for Mini-orchards 1-6; further explanation ,n Appendix K) 
/ 
--
APPENDIX K 
WEEKLY 3- D GRAPHS OF ALL SAMPLING DATA FOR MINI-ORCHARD 6 
(Explanation on p 164) . 
week number 5 
week number 6 
week number 7 
week number 8 
week number 9 
week number 10 
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Explanation of Graphs. 
Mite dispersal in mini-orchards. 
presence and logn densities of T. urticae 
(black). The intersections of the dashed 
sample plants. A scale of comparison for 
given below. 
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The histogram bars indicate 
(white) and T. occidentalis 
lines indicate locations of 
relative mite dens i ties is 
3000 
2000 
Scale (number of mites per leaf) 
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PROGRAM GKPLOT 
P~OGRA~ GKPLOT(TAPE3q,TAPE3A,TA?E2,INPUT, 
&OUTPUT,TAPE5:INPUT,TAPE33=0UTPUT) 
c • • B Y O O NA LO 11 • ·c: 0 L L "ES S , D I V • n F' E NT O M O L O G V , C S I R O 
C*• CYBER VERSIONS 15.~.82 
C: *. 
C•• 3•0 PLOTS OF V•VALUES ON X:6 RV Z:B GRID 
C•• 
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C•• DATA READ FROM LUN2, AS STRI~GS OF ~8 NUMBERS, ONE STRING ~ER PLOTJ 
C•• .FQEE FOl:0-fl1, W1TH aLAN1< OR COMMA SEPARATOR, PRECEDED ~y SINGLE RECORD 
C•• BEARING TTTLE (<11 CHARACTERS), NO DATA: 0. C•• 
C•• TO READ FROM INPUT, RESET FIRST FI~E•NAME IN LOAD STATE~ENT • C•• t.G., LGOCINPUT,,,,,,) 
C•• 
C•• COORDINATES FOR 3•0 VIEWPOINT ARE lN UNITS OF RANGE, SET THE SECOND C•• GREATER THAN 1,~, AND THE FIRST LESS THAN 1.0. DECREASING THE THIRD 
C•• INCREASES PERSPECTIVE EFFECT, 
C•• 
C•• CONT~OL CARDS (FREE FORMAT, CO~MA OR 8LANK SEPARATORS)& 
C•• FIRST CARDI 
C•• IOEV : a F'QR COM, 35t-1M, 
C•• q roR COM, LARGE CAMERA 
C•• 1v, FOR COM, MICROFICHE 
C•• 11 FUR SMALL ~ET, PLOTTER 
C•• Bw: AAR WIDTH, IN RANGE 01 • 1, 
C•• (IF +VE., DRAIIIN ON Z•AXISr IF ~vE,, ON X•AXIS) 
C•• RY= REDUCTION FACTOR ON V.VALUES CTRV 2,0) 
C•• SQ: RECTANGULATION FACTOR CTRY 4,0) 
C*• CIF •VE,, KEY TO AXE! IS SUP?RESSED) C•• IDM : 0, '-'O MARKERS OR NllMBERS ON 3•0 f'LOT C•• (~EGATIVE VALUE GIVES NU~BERS ONLY, Nn ~A~KERS) 
C•• C•• SE"CUNU ~lRD: XE, YF., & ZE: COORDINATES FOR VIEWPOINT CIFF ND:3) 
C•• C•••*•******** IF' DATA FR0 .'1 IN?UT, INSERT HERE ******************sa 
C*• 
C * • D ! SP rr5 E T 4 P E 3 q F' 0 R S M A L L P L. n T T ER C S T = R I O , • P M ) , 0 ~ 
C•• TA~E38 FQR co~ C•FL=C35 OR CLC OR CFC) C•• 
C 
C 
C 
DI~ENSION XC48), Y(~8), ZCU8), ?(3), ITLC10) 
CO~MQN IOEV,BW,RY,SQ,!DM,A~I~,A~AX,R,ITL 
DATA X/S••.3571,B••.2\Q3,8••,0714,8•,~71ij,e•.21a3,a•,3571/ 
DAT• Zl&•(•.3~,•,24,•~1?,•,~b,,0&,,12,,24,,30)/ 
READC5,•)IOEV,Blil,RV,SO,IOr1 
IFCEUF{SJ.~E.0)GOTO qq 
CALL NITDEVCIDEV) 
C READ THROUGH DATA SETS TO DETERMINE ~AX, ANn ~IN,, FOR SCALING 
C 
AMAX~ •1~c;,~00 
AMIN a +10~H'HH~ 
1 READ (2,50~) 
50"' F'OR"~AT(1X) 
IF(EOF(2). ·JE,0)GOTO 4 
R E A O r2 , * 1 [Y C I ) , I : 1 , ~ B ) 
DO 3 !:1,~8 
IF(YC!).LE.0.)GOTO 3 
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IFCYCI).GT.AMAX)AH~X: V(I) 
I~(V(I).LT.A~IN)AMIN = V(I) 
3 CONTINUE 
GUT0-1 
4 REWIND 2 
C 
.MIX: ALOG(AMAi) 
4MIN: ALOG(AMIN) 
R a AM A)( • A H P~ 
'R~AO SECOND C4RD 
C 
C 
READ CS,•) CPCI), I:1,3) 
IFCEOFCS). !lE.0)GOTO qq 
C ~EAD TIT~E ~ nATA, SET BV SET IN TURN 
C 
5 
20"' 
6 
7 
C 
C 
C 
C 
READ C2,200)ITL 
FORMAT(10A1) 
IF(cOFC2). ,.JE.~)GQTQ Q 
READ C2,•) CV(I),I:1,48) 
DO 7 I•1,48 
!rCYTT).Le.~ 1 )GOTO b 
VCI) : ALOGCVCI)) 
GOTO 7 
YCI) • •1. 
CONTINUE 
CALL ~AINCX,Y,Z,P) 
G"UTO S' 
PRINT 100 
FOR~AT(2SM~•••• ENO OF FILE ON CARD) 
STOP 
l'RINT 101 
FORMAT(23H **** NO MORE DATA****) 
CACL R1:S1)£VC roc:v) 
STOP . 
E'fO 
SUBROUT!NE ~AINCX,Y,Z,?) 
DIH£1TSI0 N X(4AY,VC48),ZCa8),l'C3),ITLC10) 
OIHENSIO N ~4(6),w5(h),VJ(b),V3BCQ) 
COMMUN IDEV,BW,RY,SQ,IDM,AHIN,A~AX,R,ITL 
DATA V3/v,.,1., 0.,.8, 0.,1.1 
OAT"l 1/1~/.J,,S,,S,.q/ 
DATA ~4/•.9,,9,•,9,.q, •• 9,,9/ 
DATA 111510 ·.,1,,0,,1,3/ 
C MI!C, PRELIMINARIES 
C 
C 
"S"'Q: A9S(SQ) 
CALL CLRDEV(IDEV,0) 
CALL S0FCH4C1) 
CALL IDE~~ 
C WRITE VIE~P8INT 
C 
CALL WPJOlil(\115) 
CALL CLICTLC 1) 
CALL CSIZESC.1,.25) 
CALL V?ORTCV3B) 
CALL 8GNPICC2) 
Irt~~.[T.0.)GOTO 2 
DO 1 I111,3 
CALL LINEC 0.,1•.3•CI•1), 0) 
1 CALL CHARF(P(I),5,1) 
2 CALL LINEC~.,~ 1 ,0) 
CALL CHARA(ITL(l),10) 
CALL rnoP1e 
CALL PERSC?Cl),PC2),PC3)) 
166 
Appendix L - Cont. 
C 
C nRA~ BASEr FIRST THE X•LINES 
C 
CALL CSIZESC,027,,07) 
Ir(SQ,G,.1,JVJC2) a 1.25 
CALL VPORT3CV3) 
CALL WINDw3(W4) 
CALL BGNPICC3l 
CALL LI~E3C•,5,•,S,•.5/SQ,0) 
xx• •1 
~ = r 
DO 3 Ist,b 
IFC!,EQ.2)LS = 4 
IFCI,EGl.oH.S : 1 
XX= •XX 
CALL LINER3CXX,0,,0.,LS) 
Im, Etr. -6YGOTO 3 
CALL LINERJC0,,0,,.2/SQ,0) 
3 CO ITT I NUE 
C 
C ~ow THE Z•LINES 
C 
lT • I7S"Q 
DO 4 I•t,8 
IF'(f,EQ '.2)LS :; 4 
IF'CI,EQ,8)LS = 1 
ZZ • •ZZ 
CALL LINER3C~.,~,,ZZ,LS) 
IFCI,f"Q.~)GOTO a 
tALL LINER3(,1ij2q, 0.,0,,~) 
4 c-oNiI ~UE 
CALL ENDPIC 
C 
C NOW ORA~ ?OINTS & LABEL 
41 
5 
CALL 8GNPICC~) 
DD a ABS(SW)/40 
DX: 0 1 
oz :s 0, 
IF(BW,GT.0) DZ: DO/SQ 
IFCB~.LT.~) D~ a DO 
DO 5 I•i,48 
IFCVCI),EQ,•1,)GOTO 5 
l'X C X(I) • DX 
PV • C(YCI)•A~IN)/R)/RY + 0,05 
l'Z a ZCI)/SQ • OZ 
CACL L1NE3(J'X,•,5,PZ,0) 
CALL LINER3C0,,l'Y, 0.,1) 
IFCIDM.EQ, 0)GOTO ~1 
CALL LINER3CDX,0.,0Z,~) 
IFC!OM,GT,0)CALL MARKE~(8) 
CALL LI~ER3C0,,.~2,0,,~) 
~J" = 1 
IFCI.GE,10)N: 2 
IF(t,GE,1~0)N = 3 
CALL CHARICI,N) 
CALL LINE3CPX,PV •• 5,PZ,0) 
CALL LINER3C2•DX,0,,2•DZ,1) 
frtlrw,E~.0) GOTOS 
CALL LINER3C0,,•PY,0,,1) 
CALL LINE3(?X,",S,PZ, 1) 
CONTINUE 
CALL E~DPIC 
RETUR"I 
rND 
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SPLINE FUNCTIONS 
The complex structure of natural population data often neces-
sitates smoothing or interpolation of the data set (Anderssen 1981a). 
If the structure of the data set is unknown, polynomials are often used. 
For biological data with complicated structures, polynomials tend to 
produce unwanted undulations and numerical instability. These effects 
are reduced if cubic splines are used (Clark and Dallwitz 1974). A 
spline function is a polynomial that fits a curve to part of a data set 
at the time, taking notice of a number of adjoining observations 
(Anderssen 1981b). The term spline refers to the physical aid, a flexible 
curve, which architects and draftsmen use to draw in smooth lines. The 
early version of this device was a strip of balsa wood, held in place on 
a drawing by small lead weights that could be attached to it at various 
places along its length. The weights on the balsa wood correspond with 
the knots in a spline function (Anderssen 1981b). 
The computer program used in this study was written by M.J. 
Dallwitz, CSIRO, Division of Entomology, Canberra, for analysis of 
insect population data (Clark and Dallwitz 1974).- The amount of smooth -
ing can be controlled by varying the number and position of the knots 
in the spline function. A smaller number of knots usually results in a 
smoother spline. The program also has a stabilising pararreter, a , which 
controls the amount of smoothing. A small value of a -produces a less 
smooth spline, but a closer fit to the data. The number of knots and 
value of a have to be determined empirically for each data set. An 
example of output from the program is given below. 
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l[T SPLlNE•50 SLOPE1l OAHP10 LIST•l PLOT12 PR1NT•2 YSlZE15 
HEAD X : WEEK NUMBER HEAD. Y : NUMBER OF (PREY) MITES/ LEAF 
READ lC,Y 
l 9,llA 2 0,19 l 0.95 4 5.38 5 12.17 b 22.9• 7 42.82 8 122,18 9 1•7,45 
11 254,Sb II qq,44 12 2,,11 11 l,41 14 •,01 15 l,Jl l• 0,52 17 1,12 
11 11 72 19 2,b• 29 5,22 21 4.01 22 11.•l 2l l2,J5 24 12,•I 25 ~1 1J 2b 2.A4 27 1.44 28 0 1 14 2q 11! 1 b2 10 0,2b 11 l,q7 ]2 25,ll l] 4b.2• 
J4 1,,,1 15 142,55 1• 111.AJ 17 JJ,95 18 0,Je 1, 0,14 41 1,0• 
41 a.1, 42 11,54 41 e.1• 44 15,94 45 9b~75 4b 177,57 47 419,t• . 
48 475.87 u, 111,85 50 2.20 51 0.11 52 a,01 51 0,0, 54 0,10 55 a,51 5. 0,Q7 57 l~A7 58 l,41 59 2,]8 b0 2,9q bl 4,14 •2 l,ll •J 2,11 
•4 0.~1 •5 1,24 •• 1,1• •1 •• 10 •8 11.14 •• s,,2 1a 1,•e 11 e,~J 
12 a.et 71 0,52 14 1,5b 75 2,14 1• 1,97 77 1.,a 1a 5,,, 1, 5,28 
80 4.~e 81 2,b2 82 l,49 8) 2,29 84 4,10 85 5 1 )2 8b 7,)1 87 lA,b9 
ea 9~51 89 4,01 9., a,11 •1 0,81 92 4,b7 91 11,11 94 J9,5• 95 21,10 
U I ,A) 
•ros 
)( 
'f( 088) 
V (PU:n) 
8LOPf 
X 
Y(OBSI 
Y(PR[n) 
SLOPE 
X 
'f( OBS) 
Y ( f'IR!n) 
ILOP!'. 
X 
Y COBS l 
Y(PR!n) 
ILOPE 
)( 
Y(08S) 
Y(PR[nl 
SLOf'I! 
)( 
YCOBS) 
Y(f'IR[n) 
ILOP! 
)( 
Y(OBSl 
Y(PREO) 
ILOP! 
)( 
Y(08S) 
Y(PREII) 
ILOP! 
)( 
YCODI) 
Y(IIR!II) 
SLOP! 
)( 
Y ( ODI) 
Y(ll-!r'I) 
ILDP! 
1.0~00 
1 077D 
,0798 
•, 1795 
11,0000 
4,b09b 
4,52b9 
•I, 2201 
2!,001tHl 
I, b 114 
1,9055 
,l2bl 
ll,0000 
1,Ul4 
2,0759 
I, 5ll 1 
41,011100 
,1001 
•,)804 
, U08 
51, ,0ia00 
I 10114 
•,b502 
•2,2409 
bl,0000 
1,bl71 
1,5U8 
,]004 
71, 0000 
,029b 
•10158 
•,5890 
81 ,001!0 
1, 28b5 
l,4J14 
•,11178 
9 ! , 11111100 
,U4l 
,UT5 
,JU5 
2,0000 
,1740 
I 15110 
,lZ•2 
12,01iH10 
l,41155 
l, 1'1J 
•1,09)2 
22,'11000 
2,5580 
2,3925 
,552il 
32 1 lllU0 ],2b]l 
J,i!024 
,74•9 
112,001110 
, Ill 18 
, 7414 
1, 411104 
52,0i100 
,01'!11 
•l,4]04 
, 7011) 
b2,A01110 
1,'118) 
1,5811 
•,2920 
72 1 Aia1110 
, '11100 
•, 1 ua 
,llU 
62,0019"1 
1,51119 
1,139) 
•,111140 
92,001111 
1,nn 
1,415) 
1,IJH 
1 0 uu 
, bb18 
,7405 
.eq50 
11 1 00QIA 
1, 48841 
2,1'81 
• • 818"' 
2l 1 A01!0 
Z,'915 
2, 77h 
,111989 
ll,u00 
),85bl 
], 7911 
,5Ub 
qJ,11aei0 
2,Zlbll 
2,i!137 
I, Q )115 
51, 0:,110 
,aet.z 
• I '11q 71 
I, 5911 
bl,111H0 
l, 1 JO 
1,09112 
•,'59'15 
7],11111100 
I 41&7 
, 111120 
I 7)511 
81,00110 
1, 19119 
I I II Ub 
I 1 Jblj 
9J,0illll 
2,4257 
2, TUl 
1,2911 
4 1 ilil00 
1,8512 
, • 751111 
1, 0739 
t 11, 000'1 
1, 91173 
t,UU 
•,t.371 
i!ll 1 1!000 
2,UU 
i!,llb48 
•,•JAJ 
111.111001 
Q,)9Sl 
11, 114J l 
• 1'1!5. 
1111,111000 
i!,8297 
J,43'3 
1,0111b 
54,0000 
,Zb24 
,87711 
I 1012 
bll,0000 
, 11511 
,59011 
•,ll7b 
711,lllilAII 
,9401 
,,998 
,2U7 
84,001111 
1,U92 
1,5U8 
I 1931 
94,00'1'0 
1 1 Tl!li!8 
J,'4111 
,421J 
5, HUI 
2,'179 
2,•8u 
,uu 
15,00110 
,8459 
1,1714 
•,llblll 
25, 001110 
1,U54 
1,h115 
.,.447 
]5,11000 
11,907 
11 1 97114 
,uu 
4 '5 1 01100 
11,S&lll 
11, l3b9 
,a.12 
55,0000 
I 4121 
,5929 
•• J911 
t.5,1000 
,uu 
,51191 
,2117 
75. 01100 
1, 1442 
l,0b59 
•,0248 
85, 110011 
1,9417 
1,10118 
,2U5 
95 1 000111 
J,211U 
J,2111J 
•1,Ull 
•. uu 
J, Uh 
3,1518 
,JTll 
lb 1 0H0 
1 4 l 8T 
,uu 
•,2.511 
2b I Ulllt 
1,)45!1 
1,JJU 
•,Zl4Z 
u,uu 
4,TZ!• 
4 1 TIJII 
.. ,.u 
0,11111 
5, 1151 
5, 2189 
,'841 
5b, 00111111 
,UH 
,ol 77 
0 5JIII 
bb I 001111 
1,lll152 
1,aan 
I 91 b4 
70,1110ia0 1,, ... 
1, lH!I 
,JUI 
u,11110 
i!,11'75 
i!,1291 
• :no 
9b,01lllllll 
,7080 
,b5J9 
•J,9G1T 
T,HH 
J,1111 
J, TIU 
,ITU 
1 7, 11110 
,nu 
,H!ll 
,1244 
21, 11101 
,IHI 
...... 
•,4'4T 
J1 1 11111 
J,Hn 
,,nu 
•1,'511' 
4T, 1111 
•• nu 
•,nu 
,SJ!19 
57 1 1Uill 
1,5Ul 
1,)08 
,uu 
u.uu 
1, .. Ill 
i! I 05CJ4 
,un 
77,HH 
1,U!l4 
t ,5817 
.... , 
81,HH 
2,4191 
2,17811 
,UIJ 
8,1111 
4,811' 
4,nu 
1,291 o 
ti, uu 
1,UU 
1 90 Ill 
,4111 
u., ... 
, U 111 
,2591 
•,&J•a 
u,01111 
,HU 
1,1114 
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41,IHI 
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1,un 
•, 1 lU 
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78 1 1UIIIII 
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, un 
U 1 1UH 
2,15811 
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•,5421 
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APPENDIX N 
TIME SERIES ANALYSIS WITH THE CAPTAIN PACKAGE 
The CAPTAIN package was designed for easy access by using 
conversation mode instructions, interactive operation and internal 
data .handling (Shellswell and Young 1973). 
The basic mathematical model used in CAPTAIN (.Young and 
Jakeman 1979) requires estimation of the model parameters a; and bi 
171 
from single input data Uk and single cutout data Yk (.k = 1, 2 
The model can be written concisely as: 
n ) . 
A(z- 1 )xk = B(z- 1 )uk 
Yk = Xk + ~k 
( 1 ) 
( 2 ) 
where Xk is the noise-free output and ~k is the contribution of all 
noise to the system. The operators A(z- 1 ) and B(.z- 1 ) are polynomials 
in the backward shift operator z- 1 (z- 1 uk=uk-1) and are written in 
expanded form as, 
( -1 -1 -n A z ) = l + a1 z + ... + anz 
B(z- 1 ) = b0 + b1z- 1 + .. + bnz-m 
(_3} 
The operator B(z-1 )/A(z-1 ) in (1) is known as a transfer func-
tion. Under certain assumptions ~k can be decomposed into a transfer 
function operating on a white noise input. It is not necessary to 
make these assumptions here since highly accurate estimates of a1 and 
b1 are not required. 
The model (2) is known as transfer function model and its 
nature is best i 11 us trated by considering a s imp 1 e examp 1 e where n = 1 
172 
Appendix N - Cont. 
and m = O. The noise-free output behaves according to: 
Xk = -a1Xk-1 + boUk (4) 
Consider further the common case where O < a1 < 1 . So 1 uti on of (4) for 
an impulse input u1 = 1, uk = 0, k= 2, .... 00 , yields an exponential 
decay of response for xk. 
Important properties of the system are the time constant and 
steady state gain. The time constant is the time it takes the impulse 
response xk to decay to e-1 of its original value b0 uk. It is a good 
measure of the time taken for the effects of a stimulus to system to 
die out. The steady state gain is the ratio of the area under the out-
put curve to the area under the input time series curve. Here it is 
b0 /(1 + a1 ). It is a measure of the non-transient steady state, in a 
proportional sense, of the input on the output. 
Box and Jenkins (1970) gave an outline of their parameter 
identification procedures based on the processing of all input/output 
data together. Model identtfication (here the values of m and n in 
(3)), and parameter estimation of a1 and b1 in CAPTAIN is recursively 
based, using an instrumental variable algorithm. In recursive estima-
tion, the data are processed usually one step at a time so that the 
parameter estimate at the k - th time step is based upon both the esti-
mate at the (k - 1 )th time step obtained from processing U1, ••• uk-i 
and Yi, ... Yk-i appropriately and the additional new input-output 
information uk_
1 
and Yk· This recursive nature of the algorithm has 
the distinct advantage that it allows for the estimation of time-varying 
parameters. 
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Appendix N - Cont. 
Parameter values in a linear single input/output time series 
model are allowed to vary with time when that time invariant model is 
deemed unsatisfactory. The variation in CAPTAIN is such that a better 
explanation of the output data at each time step can be achieved. 
Observation and analysis of this parameter variation may then suggest 
changes to the linear form of the model and/or incorporation of additional 
inputs to better explain the output data. 
The identification of model order in CAPTAIN involves the cal-
culation of statistics for the possible range of models. These statis-
tics are: 
(a) the error variance norm (EVN) which is an estimate of the average 
parameter variation, 
(b) the total correlation coefficient between the model output and the 
observed output. 
The computer output provides immediate information from which 
to chosse the model structure by displaying the above statistics for a 
specified range of models. Briefly, the model chosen involves a trade-
off between a low parameter variance and high total correlation co-effic-
ient. More details of the model selection strategy can be found in 
Young ~nd Jakeman (1979) and Freeman (1981). 
The graphics facilities in CAPTAIN are quite comprehensive. 
For example, one can plot inputs, outputs, various transformed inputs 
and outputs, auto- and cross- correlations, model output with observed 
output and error series. The basic CAPTAIN package has been tested 
extensively and many enhancements are now available (Young and Jakeman 
1979; Jakeman et al. 1982). 
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